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CHAPTER 1: INTRODUCTION TO N-CENTERED RADICALS  AND THEIR 
IMPLEMENTATION IN NATURAL PRODUCT SYNTHESIS 
 
1.1 Introduction to N-Centered Radicals  
Radical chemistry has played a vital role in chemical transformations among the 
synthetic community for several decades, where the majority of studies have been 
conducted on carbon-centered radicals.1 Free radical chemistry exhibits some elegant 
characteristics such as the use of mild conditions, predictable regioselectivity, and 
recently, stereoselectivity.2 Although carbon centered radicals (CCRs) have been 
extensively studied and utilized in synthetic organic chemistry, fewer reports demonstrate 
thorough studies on nitrogen centered radicals (NCR). Despite the high potential of 
nitrogen centered radical chemistry to be used as a synthetic tool in assembling natural 
product frameworks3 and active pharmaceutical ingredients, their reactivity remains 
largely unexplored.4 Thus, there exists a need to further explore the chemistry of NCR to 
enhance their utility as a synthetic tool. Once their reactivity is well understood, NCRs 
can be exploited in the synthesis of complex organic molecules consisting of heterocyclic 
frameworks.  
 There are several different NCR types including aminium, amidyl, iminyl and 
aminyl radicals, of which amidyl, aminium and iminyl radicals (Figure 1.1) have been 
commonly employed in accessing heterocyclic cores such as indolizidine,5 pyrrolizidine, 
quinolizidine, quinoline and isoquinoline6 alkaloids (Figure 1.2) via cyclization, due to their 
efficient reactivity compared to aminyl radicals. However, limitations still exist for reactivity 
of these nitrogen radical precursors which warrant further study.   
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 Although there are various strategies developed for the synthesis of heterocyclic 
cores,7 only a few strategies employ NCRs in the construction of these natural products.8  
Since Hofmann’s work on N-centered radical chemistry,9 which is the first report on N-
centered radical chemistry, it has been employed in accessing hydroxylated 
pyrrolidines,10 guanidines,11 heteroarenes12 and various natural products.13,14 The N-
centered radicals are usually generated from a homolytic cleavage of a N-heteroatom 
bond as will be illustrated later in this chapter.15,16 In addition to the desired reactivity of 
N-centered radicals via intramolecular cyclization, a competing side reaction takes place 
generating the reduced acyclic amine.17 The rates of this reduction, H-atom abstraction 
in a  termination reaction, and cyclization vary among various different N-centered radical 
types. Kinetic studies performed on the rates of these N-centered radicals will be 
discussed later in this chapter.  
1.1.1 Aminium Radicals 
The earliest example of N-centered radical formation is the Hoffmann-Löffler-
Freytag (HLF) reaction, illustrated in Scheme 1.3. Synthesis of N-haloamines was first 
reported by Hoffman in 1878.9 In their work, 1-bromo-2-propylpiperidine 1.3.A was treated 
with hot sulfuric acid followed by a basic work-up to afford indolizidine 1.3.B (Scheme 
N
H
R'R''
R'
O
N
R''
R'
N
R''
Aminium 
radicals
Amidyl 
radicals
Iminium 
radicals
N
R'R''
Aminyl
 radicals
Figure 1.1 N-Centered Radicals Types
N N N N
N
quinolineisoquinolineindolizidinepyrolizidinequinolizidine
Figure 1.2 Commonly Encountered Heterocyclic Cores in Alkaloids.
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1.3a). Later the scope of the reaction was expanded to achieve similar reactivity with 
secondary amines 1.3.C by Löfler and Freytag.18 Their investigations provided a relatively 
simplistic method to access pyrrolidines 1.3.E via the intermediate 1.3.D (Scheme  1.3b). 
 
  The underlying mechanism of the HLF reaction was not determined until 1950, 
when Wawzonek and Thelen detected the presence of N-centered radical intermediates 
in the reaction, illustrated in Scheme 1.4.19 Upon exposure to acidic conditions, the 
haloamine is converted to the ammonium ion 1.4.A, which then undergoes homolytic 
cleavage of the N-halogen bond upon exposure to heat or irradiation to result in the 
aminium 1.4B. 1.4B undergoes an intramolecular H-atom abstraction to generate the 
secondary alkyl radical 1.4C. This radical can propagate the radical chain by halogen 
atom abstraction from a second equivalent of the starting ammonium ion to generate 
1.4.D. A basic work up of the reaction can induce an intramolecular substitution also 
yielding the cyclized amine products such as, pyrrolidines 1.4.F.   
Scheme 1.3 Hoffman-Löffler-Freytag Reaction
N
Br
1) H2SO4, 140 ºC
2) NaOH N
1.3.A 1.3.B
R1
N
R2
X
H2SO4
HNR1
R2
X
NR1
R2
X = Cl, Br, I
a)
b)
1.3.C 1.3.D 1.3.E
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In 1970, Surzur and Stella reported an intramolecular cyclization reaction of an 
aminium radical with a terminal olefin in the presence of an Fe(II) species.20 The reaction 
mechanism is outlined in Scheme 1.5 and it takes a distinctively different reaction 
pathway in comparison to that of Hofmann-Löffler-Freytag reaction.9  
 
 A N-Chloroamine radical precursor 1.5.A is protonated in acidic conditions 
followed by a single electron transfer to Fe(II) to generate the aminium radical cation 
1.5.B. The resulting N-centered radical reacts with the p-electrons of the terminal olefin 
to yield the cyclized primary radical 1.5.C. The resulting carbon radical next abstracts a 
chlorine atom from a second protonated N-chloroamine to produce the cyclic ammonium 
ion 1.5.D, which upon a basic work-up, delivers the cyclized chloroamine 1.5.E. Further 
investigations by the same group showed that both Cu(I) and Ti(III) can be utilized in 
place of Fe(II) as the reducing agent.20 Highest yields for the cyclized chloroamine were 
observed in the presence of titanium chloride as the reducing agent. However, despite 
HNR1
R2
X
Δ or hν
or
radical initiator
H
N
H
R2
R1 1,5-H
abstraction
:B
BH
– H
NR1
R2
1.4.B
1.4.F
HNR1
R2
X
HNR1
R23
HN
H
R2
R1
1.4.C
HN
H
R2
R1
1.4.D
X
N
H
R2
R1
X
Scheme 1.4 Reaction Mechanism of Hoffman-Löffler-Freytag Reaction
1.4.E
1.4.A
N
R
cat. FeSO4, N2
4 M H2SO4 in AcOH
25 ºC
N
R
H
N
R
H
1.5.A 1.5.B 1.5.C
7
N
R
H
1.5.D
Cl
N
R
1.5.E
Cl
(66% yield)Cl
workup
Scheme 1.5 Cyclization of an Aminium Radical with an Olefin
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the interesting reactivity of aminium radicals, their synthetic utility is largely limited as the 
generation of aminium radicals require harsh acidic conditions which restricts their 
effectiveness with substrates containing diverse functional groups.4d  
1.1.2 Amidyl Radicals  
In amidyl radicals, the electron-withdrawing carbonyl group adjacent to the N-
centered radical renders it more electron deficient and therefore more electrophilic.21 
Early studies on amidyl radical chemistry were reported by Barton22 and co-workers on 
the synthesis of lactone 1.6.G, starting from butyramide 1.6.A (Scheme 1.6). Exposure of 
1.6.A to lead tetra acetate and iodine under photochemical conditions induces homolytic 
cleavage at the weak N–I bond to form amidyl radical 1.6.C. As observed in the Hofmann-
Löffler-Freytag reaction,9 the resulting amidyl radical undergoes a 1,5-hydrogen atom 
abstraction followed by an iodine atom abstraction from a second molecule of iodoamide 
1.6.A to result in the amide 1.6.E. The lone pair on carbonyl oxygen then reacts with the 
carbon a to the iodine atom in a SN2 fashion to yield imine 1.6.F, which, upon hydrolysis, 
delivers the desired lactone 1.5.G.  
 
 Lessard23 and Mackiewicz24 later extended Barton’s studies by employing amidyl 
radical precursors with olefins to achieve intramolecular cyclization to access bicyclic 
NH2
O
Pb(OAc)4
I2
NH
O
I
hν NH
O
1,5-H
abstraction NH2
O
O
NH2
I
O
NH
H2O
O
O
1.6.A 1.6.B 1.6.C
H
1.6.D 1.6.E
1.6.F 1.6.G
Scheme 1.6 Amidyl Radical Cyclization to Access Lactones
1.6.B
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systems (Scheme 1.7). The chloroamide 1.7.B is obtained from the respective amine 
1.7.A under acidic conditions. Radical initiation either by benzoyl peroxide at elevated 
temperatures or by Cl-atom abstraction by chromous chloride at low temperature to obtain 
the amidyl radical 1.7.C. The resulting radical is then rapidly cyclized into the olefin in a 
5-exo-trig cyclization25 to afford the secondary carbon radical 1.7.D. The resulting bicyclic 
system 1.7.D abstracts a chlorine atom abstraction from another molecule of the 
chloroamide 1.7.B to afford the lactam 1.7.E and continue the radical chain propagation.    
 
 In addition to these examples, amidyl radical precursors containing N–N bonds,26 
N–S bonds,27 N–H bonds28 and N–C bonds29 have been reported to result in successful 
cyclizations.  
1.1.3 Iminyl Radicals 
 In iminyl radicals, the iminyl nitrogen atom has sp2 character increasing the 
electrophilicity of the N-centered radical in comparison to that of aminyl radicals.30 In one 
of the earliest accounts on utilizing iminyl radicals, reported by Kaim and Meyer, this 
chemistry was employed to access intramolecular cyclization of an iminyl radical with a 
terminal olefin (Scheme 1.8).31 Allyl ketone 1.8.A is condensed with N-
aminobenzotriazole to obtain iminobenzotriazole 1.8.B. The resulting imine undergoes 
homolytic cleavage of the exocyclic N–N bond upon exposure to a stannyl radical, forming 
N
H
Me
O
NaOCl, H2SO4
CH2Cl2
N
Cl
Me
O
(BzO)2, dioxane
80 ºC
or
CrCl2, –78 ºC
 MeOH/CHCl3
N
Me
O
O
N
Me
1.7.A 1.7.B 1.7.C
20
1.7.D
O
N
Me
1.7.E
Cl
(90 – 100% yield)
(70% yield)
Scheme 1.7 Cyclization of an Amidyl Radical with an Olefin in a Strained System
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iminyl radical 1.8.C stannyl triazole 1.8.D. The resulting radical then undergoes 
intramolecular cyclization onto the terminal olefin to afford the primary radical 
1.8.E.Finally, H atom abstraction from Bu3SnH produces the pyrrolidine product 1.8.F in 
good yields.  
 
 A report by Alonso and co-workers on the conversion of acyloximes to 
isoquinolines is also noteworthy in that it employs iminyl radical cyclization (Scheme 
1.9).32 
 
 The N–O bond of imine 1.9.A undergoes homolytic cleavage photolytically to 
generate an iminyl radical 1.9.B which then adds to the internal alkyne of diphenylethyne 
to afford the vinylic radical 1.9.B The resulted radical then cyclizes into the benzene ring 
followed by re-aromatization to generate the isoquinoline 1.9.C in good yield. 
Scheme 1.8 Iminyl Radical Cyclization in Pyrroline Synthesis
O
N
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N
NH2
cat. TsOH, toluene
reflux
N
N
N
N
Bu3SnH
cat. AIBN
toluene
reflux
N
N
Bu3Sn H
N
Me
1.8.A 1.8.B 1.8.C 1.8.D
1.8.E
(70% yield)
d. r. = 3:2
Bu3Sn
N
N
N
SnBu3
1.8.F
Bu3Sn
N
Ph
OAc
hν / Pyrex glass
Ph Ph
t-butanol
N
Ph
Ph
Ph
N
Ph
Ph
Ph
1.9.A 1.9.B 1.9.C
(76 % yield)
Scheme 1.9 Intramolecular Iminyl Radical Cyclization with Alkynes
 
 
8 
1.1.4 Neutral Aminyl Radicals 
 Neutral Aminyl radicals have been less thoroughly explored in comparison to the 
other N-centered radicals. They are more stable33 and hence less reactive, while amidyl, 
aminium and iminyl34 radicals are more reactive and participate in cyclization more 
efficiently.35,36 However, aminyl radicals have potential as synthetic tools, as cyclization 
directly leads to aliphatic amines, which are contained in many natural product 
frameworks. As mentioned earlier, fewer reports exists on neutral aminyl radical 
chemistry and thus, it warrants further study to establish its utility in synthetic chemistry 
in general.  
 Methods for the generation of neutral aminyl radicals have been investigated by a 
few research groups. Neutral aminyl radicals can be generated in few different methods, 
and various aminyl radical precursors have been employed in different studies, such as 
haloamines, Barton esters,37 bezyloxyamines and various sulfenamides, as illustrated in 
Figure 1.10.  
 
Early reports in aminyl radical cyclizations exploited liberation of molecular 
nitrogen from azene starting materials upon  thermal conditions (Scheme 1.11).38 An 
aminyl radical is generated from the corresponding azene 1.11.A by  thermal extrusion of 
nitrogen. Subsequent cyclization onto the olefin occurs in a 5-exo-trig fashion to afford 
pyrrolidine 1.11.B as the major product and along with 6-endo-trig cyclized product 1.11.C 
N
R’R
Cl
N
R’R
S
Ph
N
R’R
S
N
S N
R’
R
O
O
N
S
N
R’R
S O
S
R”
N
R’R
O
Bz
Figure 1.10 Aminyl Radical Precursors
choloraminessulfenamides Barton esters benzyloxyamines
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as a minor product. Attempts to extend the discovered reactivity towards 6-exo 
cyclizations to access piperidines was not successful as only small amounts of the 
desired cyclized product were observed along with the competing reduced acyclic amine 
by product as the major product.38 
 
 In an alternative method, electrochemical oxidation of amide bases such as lithium 
salts has been used to generate aminyl radicals which were subsequently driven towards 
intramolecular cyclizations (Scheme 1.12).39 When the lithium salt 1.12.A is exposed to 
LiClO4 at –78 ºC, SET to Li (I) generates an aminyl radical that rapidly cyclizes in 5-exo 
fashion to afford predominantly the cis isomer of pyrrolidine 1.12.B. 
 
 As mentioned before, Barton esters, also known as N-hydroxypyridine-2-(1H)-
thione acyl esters (PTOC) esters, have also been used as a useful sources in generating 
aminyl radicals in many accounts (Scheme 1.12).40 Irradiation of aminyl radical precursor 
1.13.A generates an aminyl radical as demonstrated in 1.13.B which undergoes tandem 
cyclization via two 5-exo cyclizations to afford a bicyclic ring system. The resulting primary 
radical is then trapped as the sulfide to deliver the pyrrolizidine, 1.13.C as the desired 
product in excellent yield.  
N
N
Pr
N
N
Pr
N
Pr
Me
N
Pr
-N2
∆, C6H6
Scheme 1.11 Aminyl Radical Cyclization with Azene Precursors
1.11.A 1.11.B 1.11.C
(41% yield)            (16% yield)
Scheme 1.12 Aminyl Radical Cyclization with Lithium Salt Precursors
N
Li
Me
Ph N
MePh
Me
–78 ºC, LiClO4
1.12.A 1.12.B
(52% yield)
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 Alkyl and aryl halides have been demonstrated to be useful in generating various 
other radicals including C-centered radicals,41 alkoxy radicals,42 and iminyl radicals.43 
Bowman and co-workers contributed significantly to the aminyl radical cyclization 
chemistry where they reported the first use of sulfenamides as aminyl radical 
precursors.44 Their investigations were focused on various different heterocyclic 
skeletons utilizing tributyltin hydride conditions.  
 Three different methods were developed to access the radical precursors 
sulfenamides from the respective amines (Scheme 1.14).45 Reacting amines with 
benzenesulfenyl chlorides46 resulted in the desired sulfenamides in quantitative yields,47 
with trace amounts of amine and diphenylsulfide impurities, which may interfere the 
desired reactivity. Amines with N-benzenesulfenylpthalimide48 also afforded 
sulfenamides in good yields while the purification process lowered the yields for some 
substrates. Sulfenamides were also synthesized from diphenyldisulfide and silver 
nitrate.49 However, separation of sulfenamides from unreacted disulfide in this method 
required excess amine. 
Scheme 1.13 Aminyl Radical Cyclization with PTOC Esters
N
PTOC hν, AIBN
N
S
O
O
PTOC =
N SPyr
( 90% yield)
1.13.A 1.13.B
N
S
O
O
N
Bu3Sn
1.13.C
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 Mono-cyclization was performed with sulfenamides as the radical precursors on 
both simple and strained systems as outlined in Scheme 1.15. Moderate yields were 
obtained for mono-cyclization of sulfenamide 1.15.A resulting in the pyrrolidine 1.15.B 
while considerably lower yields were observed during application of bridged ring system 
1.15.C to afford bridges tricycle 1.15.D (Scheme 1.15).  
 
 In their initial efforts on tandem cyclization, N-allyl-N-benzenesulphenyl-4-pentenyl 
amine 1.16.A was exposed to cyclization conditions to access pyrrolizidine heterocycles 
(Scheme 1.16). Aminyl radical 1.16.B is generated when the radical precursor 1.16.A is 
exposed to slow addition of tributyltin hydride where the tin radical abstracts the 
benzenesulfenyl group. The aminyl radical generated is then cyclized into the olefin on 
the longer carbon chain in a 5-exo fashion to result in the mono-cyclized intermediate 
1.16.C. The primary radical formed is then trapped by the allyl group olefin to afford the 
HN
R’
R
PhS Cl Et3N
N
O
O
PhS
PhS SPh AgNO3
+
+
Et3N•HCl
HN
O
O
AgSPh
+ + N
R’
R
PhS
(1)
(2)
(3)
Scheme 1.14 Generation of Sulphenamide Precursors From Amines
N
SPh
p-iPrPh
Pr
AIBN, Bu3SnH
THF, Δ, 3h
N
p-iPrPhPr
Scheme 1.15. Bowman’s Monocyclization with Sulphenamide Precursors
1.15.A 1.15.B
Me N
SPh
Pr
N
Me
H
Pr
(66% yield)
AIBN, Bu3SnH
THF, Δ, 3h
(27% yield)
1.15.C 1.15.D
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bycyclic primary radical 1.16.D, which abstracts a H atom for the H-atom donor to deliver 
the desired pyrrolizidine product 1.16.E in 72% yield.  
The pyrrolizidine product 1.16.E was obtained as a mixture of two diastereomers 
in a ratio of 61:11. 28% of the acyclic amine by product was also observed resulting from 
the competition reaction of the initial aminyl radical with a H-atom donor. It should be 
noted that no mono-cyclized product resulting from the H-atom abstraction of the 
intermediate 1.16.B was observed. It was reported that it is important to maintain a low 
concentration of the H-atom donor in the reaction, in this case via slow addition by a 
syringe pump, in order to minimize the competition reaction from generating the acyclic 
amine byproduct.  
 
Their investigations were extended to achieve exclusive tandem cyclized product 
in 5-exo/5-exo cyclization, where sulfenamine 1.17.A was employed as the radical 
precursor (Scheme 1.17).45 It was envisioned that the presence of a phenyl substitution 
would facilitate cyclization via the benzylic stabilization of reaction intermediate as was 
observed in their mono-cyclization studies.45 Indeed, tandem cyclization of the activated 
substrate 1.17.A afforded a mixture of diastereomers with a ratio of 2.8:1.2:1 pyrrolizidine 
Scheme 1.16 Tandem Cyclization of a Non-polarized Aminyl Radical with an Olefin
N
N N N
N
H
N
SPh
kc
Bu3Sn• Bu3Sn-SPh
Bu3SnH
Bu3Sn•Bu3SnH
Bu3Sn•
1.16.E 
(72% yield, 61:11 dr)
1.16.D 
(28% yield)
1.16.A 1.16.C1.16.B 1.16.D
5-exo-trig 5-exo-trig
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1.17.B in 49% combined yield, via 5-exo 5-exo cyclization. An indolizidine by product 
1.17.C was also observed in 14% yield via 5-exo 6-endo tandem cyclization. Interestingly, 
replacing THF with benzene as the solvent resulted in a similar combined yield, but a 
different ratio of pyrrolizidines 1.17.E and indolizidine 1.17.F. Notably, no reduced acyclic 
amine was observed in either of the solvents utilized.  
 
They also performed a 5-exo 5-exo tandem cyclization on a strained ring system, 
1.18.A to access a tricyclic bridged heterocycle 1.18.B in an excellent yield of 90% 
(Scheme 1.18).45 The high yield obtained likely results from the release of strain of the 
starting material which lowers the activation barrier for cyclization. 
 
 Bowman and co-workers extended their work to explore reactivity of 5-exo 6-exo 
cyclization as well to access indolizidines (Scheme 1.19).45 Sulphenamide 1.19.A, upon 
exposure to standard cyclization conditions afforded the desired indolizidine product, 
N
SPh
Ph
N Ph
N
Ph
+
1.17.A 1.17.B (49% yield)
2.8:1.2:1 dr
1.17.C (14% yield)
AIBN, Bu3SnH
THF, Δ, 3h
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Ph
N Ph
N
Ph
+
1.17.A 1.17.D (49% yield)
6.5:2.5:1 dr
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AIBN, Bu3SnH
PhH, Δ, 3h
Scheme 1.17 Tandem Cyclization of a Polarized Aminyl Radical with Oleifns
Scheme 1.18 Tandem Cyclization of a Bridged Ring System
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1.19.B in 64% yield along with 24% of the uncyclized reduced amine 1.19.C. Indolizidine 
was obtained as a mixture of two products in 55:45 ratio. 
 Interestingly, replacing Bu3SnH with Ph3SnH resulted in the uncyclized amine 
1.19.C as the major product, with a yield of 75% and only trace amounts of the 
indolizidines 1.19.B. These observations suggests that the initial aminyl radical abstracts  
 
an H-atom from Ph3SnH more efficiently than it would from Bu3SnH, favoring formation 
of the acyclic amine. These results are indicative of the largely concerned competing rate 
differences of cyclization vs H-atom abstraction by the aminyl radical. 
 Their efforts to obtain indolizidines via 6-exo,5-exo sequence were not successful, 
resulting in the non-cyclized amine in 56% yield (Scheme 1.20).45 Sulphenamide 1.20.A 
with a cis olefin was employed in this reaction and the non-cyclized >95% trans amine 
1.20.B was obtained in 56% yield. Bowman hypothesized that the initial aminyl radical 
generated undergoes an intramolecular H-atom abstraction under the cyclization 
conditions. This was supported by isomerization of the aryl alkene and from a deuterium 
labelling study using Bu3SnD, which resulted in deuterated amine at C (4).                                                      
 
N
SPh
Ph
N
Ph
+
1.19.A 1.19.B (64% yield) 1.19.C (24% yield)
AIBN, Bu3SnH
THF, Δ, 3h
N
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Ph
Scheme 1.19 5-exo/6-exo Tandem Cyclization of a Polarized Aminyl Radical with Oleifns
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Scheme 1.20 6-exo 5-exo Tandem Cyclization of a Polarized Aminyl Radical with Olefins
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 Tokuda and co-workers demonstrated similar tandem cyclization reactivity via 
chlorinated aminyl radical precursors.50 Although there have been reports on the 
generation of aminyl radicals from N-Chloroamines via photolysis or thermolysis,51 this 
was the first report on generating aminyl radicals from N-chloroalk-4-enylamines with 
Bu3SnH and AIBN as the radical initiator. Moreover, this procedure led to stereoselective 
monocyclization to access substituted pyrrolidines 1.21.B 50 in good yields as opposed to 
electrolytic or anionic formation52 of similar compounds, which resulted in mixtures of cis- 
and trans- products (Scheme 1.21). The importance of 2,5-disubstituted pyrrolidines are 
also highlighted in that they are commonly found in living organisms and can be of use 
as chemotherapeutic agents.53 
 
 Tin hydride cyclization conditions were also employed to extend the reactivity 
toward stereoselective synthesis of differently substituted pyrrolizidines via tandem 
cyclization of N-chloroamine derived aminyl radicals (Table 1.22).54 Both N-
propargylaminyl and N-allylaminyl radicals were employed to obtain structurally diverse 
pyrrolizidines. It should be noted that no indolizidine, quinolizidine, mono-cyclized 
pyrrolidine (Figure 1.2) or the reduced acyclic amine byproducts were observed during 
these reactions. However, chlorine atom transfer product was observed with some of the 
substrates in low yields. 
 As illustrated in Table 1.22, for N-propargylamine substrates alkyl and silyl 
substituted olefins (1.22.B.a and 1.22.B.d) functioned as effective acceptors for tandem 
NH
Me
H
PhPh
i) NCS, PhMe
ii) AIBN, Bu3SnH
    Benzene, relfux
N
Ph
H
Ph
Me
Scheme 1.21. Tokuda's NCR Cyclization for Pyrrolidine Synthesis
1.21.A 1.21.B 
(63% yield)
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cyclization of aminyl radicals in addition to the commonly used phenyl substituted olefins 
such as 1.22.B.b and 1.22.B.c. Interestingly N-allylaminyl radicals bearing branched alkyl 
groups 1.22.D.a on the adjacent carbon behave as better directing groups in comparison 
to Ph substituents 1.22.D.b in terms of the yield.   
 
 Banwell and co-workers, in their efforts to approach the CDE-tricyclic core of some 
post-secodine alkaloids such as (+)-ibophillidine, demonstrated the synthesis of a tricyclic 
heterocycle via tandem cyclization of an aminyl radical (Scheme 1.23).55 Various different 
precursors were investigated and the highest yields were obtained with the corresponding 
chloroamine precursor 1.23.A. Tricyclic ring system, 1.23.B was obtained in 74% yield 
upon exposure to cyclization conditions with Bu3SnH as the H-atom donor in benzene. 
An alkyne handle was used in the precursor molecule to allow the introduction of further 
functionality later in the synthesis.  
H
N
R1
R2
i) NCS, PhMe
ii) AIBN, Bu3SnH
    PhMe, relfux
N N
H R2 H R2
R1 R1
Cl
1.22.A 1.22.B 1.22.C
a. R1 = CH3, R2 = C3H7                                                                                 54                                       4 
b. R1 = CH3, R2 = Ph                                                                63                                       6 
c. R1 = Ph, R2 = Ph                                                                  43                                       0
d. R1 = CH3, R2 = Si(C2H5)3                                                                       52                                       0
Table 1.22. Tokuda's Tandem NCR Cyclization of a Neutral Aminyl Radical.
% yield % yield
H
N
R1
Ph
i) NCS, PhMe
ii) AIBN, Bu3SnH
    PhMe, relfux
N N
H Ph H Ph
R1 R1
Me Me
1.22.D 1.22.E 1.22.F
     a. R1 = CH3,                                                                                                   30                                       52 
     b. R1 = Ph                                                                             23                                       36
% yield % yield
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 Tsanaktsidis also explored cyclizations of aminyl radicals using reaction conditions 
similar to Bowman’s.56 Sulfenamides derived from 2-mercaptobenzothiazole were chosen 
as the radical precursors for these cyclization studies because in their previous studies, 
benzenesulfenamides were found to be difficult to purify. At the onset of their 
investigations, they took interest in the somewhat contradicting accounts reported on 
simple monocyclization precursor 1.24.A (Scheme 1.24). While Bowman and co-workers 
had reported the cyclization of radical 1.24.B to be unsuccessful upon exposure to low 
concentrations of tributyl tin hydride in refluxing hexanes,44 Newcomb had reported 
reversible cyclization of the same substrate during their kinetic investigations.34 To clarify 
these claims, sulphenamide 1.24.A was treated with Bu3SnH in benzene with catalytic 
AIBN and 1.0 equiv of (Bu3Sn)2O (from previous observations). Interestingly, contrary to 
the reported data, their results implied of irreversible cyclization step (k-r << kr ). 
 These observations were further clarified by exposing selenide, 1.25.A to reaction 
conditions that would generate a primary alkyl radical 1.25.B on the cyclized substrate 
upon the abstraction of the benzeneselenide group (Scheme 1.25). If the cyclization step  
N
Cl
AIBN, Bu3SnH
PhH, reflux
N
(74% yield)
Scheme 1.23. Banwell's Tandem NCR Cyclization From a Neutral Aminyl Radical
1.23.A 1.23.B
N
N
H CO2Me
A
B
C
DE
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is reversible, it was expected to observe significant amounts of the ring opened acyclic 
amine 1.25.C should be formed. However, the reaction produced only N-butyl-2-
pyrrolidine 1.25.B with ≤0.5% of the acyclic amine 1.25.C, as detected by GC analysis, 
further supporting the irreversibility of the reaction.  
In contrast, Newcomb and coworkers had reported the generation of both the 
cyclized 1.25.B and reduced acyclic amine 1.25.C in the same reaction set-up.57 Based 
on studies conducted by Crich and co-workers, showing that trace amounts of PhSeSePh 
in 1.25.A could generate more efficient H-atom donors such as PhSeH58 that could 
influence the observed reaction outcome, extended investigations were carried out by 
Tsanaktsidis with 1.25.A. Double distilled Bu3SnH was used with freshly prepared  
selenide 1.25.A in benzene with AIBN as the radical initiator at 80 ºC to observe again 
the exclusive formation of cyclized product 1.25.B. Based on their experimental results 
they claimed that the H-atom abstraction from Bu3SnH to generate 1.25.C is not in 
competition with the ring opening of pyrrodinylmethyl radical intermediate 1.25.B, to afford 
significant amounts of amine 1.25.D.57 However, as mentioned earlier (Scheme 1.24) 
Bowman did not observe cyclization of aminyl radical 1.24.B to generate the cyclized 
Scheme 1.24 Mono-cyclization with Sulphenamide Precursors to Assess the Reversibility of Cyclization Step
N
Bu
X
N
Bu N
Bu
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1.24.A 1.24.B 1.24.C
N
H
Bu
kNH Bu3SnH
N
Bu
1.24.E1.24.D
Bu3Sn• kr
k-r
kCH Bu3SnH
 
 
19 
product 1.25.E and Newcomb reported to have observed reversible cyclization of 1.24.B 
towards 1.24.E. 
 
 Another interesting finding in their work was an apparent influence of 
Bis(tributyltin)oxide on aminyl radical cyclizations under conditions where 
arenesulenamides were employed as radical precursors with Bu3SnH as the H-atom 
donor in benzene at 80 ºC under pseudo-first order conditions. During their kinetic 
investigations, they observed an unusual pattern in the ratio of reduced amine to cyclized 
product (1.24.D/1.24.E, (Scheme 1.24) over the mean Bu3SnH concentration considering 
the rate equation. This led to the assumption that small amounts of (Bu3Sn)2O present in 
Bu3SnH may have caused the observed pattern. 
  Driven by this speculation, impact of (Bu3Sn)2O on aminyl radical cyclization was 
explored via the reaction between 1.24.A and 1.0 equiv of Bu3SnH in benzene with 
catalytic amounts of AIBN and varied amounts of (Bu3Sn)2O. It was observed that 
(Bu3Sn)2O enhances the cyclization reactivity even at very low concentrations. 
  Initially it was speculated that a Lewis acid type interaction between (Bu3Sn)2O 
and the initial aminyl radical resulted in the observed reaction outcome. Based on this 
assumption, several other compounds that can potentially result in similar outcome, 
Scheme 1.25 Confimation of the Irreversibility of the Aminyl Radical Cyclization
N
Bu
SePh Bu3SnH
C6H6, AIBN
N
Bu
N
H
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≤ 0.5% yield
1.25.A 1.25.B
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conatal 2-benzothiazolyl tributyltin sulfide and tributyl tin chloride were also investigated. 
However, no enhancement in the reaction was observed with these compounds.56a  
Moreover, follow up studies by several other groups had challenged their report on 
the function of (Bu3Sn)2O. Newcomb and co-workers59 explored the influence of 
(Bu3Sn)2O on a closely related substrate 1.26.A (Scheme 1.26), in both THF and benzene 
using laser flash photolysis (LFP) and reported to observe no indication of any catalysis 
in operation. These findings and reports by Crich and co-workers60 that PhSeSePh reacts 
with Bu3SnH rapidly to generate PhSeSnBu3 and PhSeH, led them to contemplate that 
the arenesulfenamides employed in the studies by Tsanaktsidis to have been 
contaminated. It was suggested that it could be contaminated by the corresponding 
disulfides and that (Bu3Sn)2O may have potentially reacted with the in situ generated 
arylthiols preventing any interference by the generated arylthiols. Driven by these claims, 
Tsanaktsidis and workers explored the  reactivity of (Bu3Sn)2O and Bu3SnH with 
bis(benzothiazole-2-yl) disulfide (MBT)2 1.26.B and 2-mercaptobenzothiazole (MBT) 
1.26.C (Scheme 1.26) under the established reaction conditions to reassess the function 
of (Bu3Sn)2O in aminyl radical cyclizations using arenesulfenamides.  
 
Figure 1.26 Molecules Employed in Exploring the Function of (Bu3Sn)2O
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They observed generation of benzothiazole-2-yl tributyl stannylsulfide, 1.26.D with 
no detectable amounts of the starting disulfide when both (MBT)2 and MBT were reacted 
with (Bu3Sn)2O and Bu3SnH in benzene at 80 ºC for 1h.61,56 These results confirmed that 
(Bu3Sn)2O and Bu3SnH together consume both above substrates, 1.26.B and 1.26.C 
under the stated reaction conditions and that as speculated may have been impurities in 
the arenesulfenamides. These observations further clarifies the function of (Bu3Sn)2O in 
this reaction, establishing that (Bu3Sn)2O acts as a scavenger for small amounts of MBT 
present in the substrates as impurities ensuring a reaction medium free of thiols.  
Having discussed about mono- and tandem aminyl radical cyclizations on terminal 
and substituted olefinic precursors, there is only a limited number of accounts on 
secondary aminyl radical cyclizations onto Michael acceptors. Cyclization of a neutral 
aminyl radical onto the b-position of ester 1.27.A (Scheme 1.27) was reported by Guindon 
and co-workers to generate pyrrolidine 1.27.B along with small amounts of the reduced 
amine, 1.27.C, via mono-cyclization.62 Only the benzyl amine were reported to be efficient 
in the cyclization while bulky alkyl groups such as t-butyl and i-propyl with  (1S)-
phenylethyl substrates were observed to result predominantly the reduced acyclic amine 
products 1.27.C. Aminyl radical generation was induced via photolysis of AIBN. It should 
also be noted that 1.27.C is expected to undergo conjugate addition under the reaction 
conditions and no mention was made of a control experiment to address this possibility. 
Another example of electronically similar substrates was reported by Banwell and 
co-workers, which was also a mono-cyclization, involved with the total synthesis of (+)-
clividine, 1.27.E.63 As opposed to the reported observations by Guidon group with regard 
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to cyclization of alkyl amines,  thermolysis was employed to generate the corresponding 
aminyl radical to drive the reaction towards cyclization using an alkyl amine. In these 
accounts Guindon uses photolysis to generate the N-centered radical where as Banwell 
achieved it thermally. It is possible that thermal energy drives the reaction towards the 
cyclized product considering the reported reversibility of aminyl radical cyclization.64,65  
 
1.2 Kinetic Studies on Rate Constants Related to Aminyl Radical Cyclizations 
Although there are a number of accounts on kinetic studies of simple alkyl 
radicals,66 sufficiently detailed reports on stabilized carbon and heteroatom centered 
radicals are limited. It is important to have an understanding about rate constants of 
transformations related to the reactivity of radicals in order to employ them more 
effectively. The kinetic studies on aminyl radical cyclizations are often found to be 
ambiguous and contradicting as is observed with their reactivity profile. Newcomb,67,68 
Horner69 and Tsanaksidis56, 70 have contributed towards understanding the kinetics of 
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these radical reactions, providing insight into the underlying mechanism of these radical 
species.  
Illustrated in Scheme 1.28 is a comparison of rate constants for terminal H-atom 
abstraction and cyclization of various N-centered radicals and analogous carbon centered 
radicals with terminal olefins. For aminium radical 1.28.B cyclization is about two orders 
of magnitude faster than that of a carbon radical 1.28.N, while for aminyl radical 1.28.E 
and iminyl radical 1.28.H the rate for cyclization is about one magnitude slower compared 
to that of 1.28.N. As mentioned before, Bowman71 had reported that the cyclization of 
aminyl radicals is potentially reversible, and that it could be held accountable for the 
decreased rates observed for cyclization of 1.28.E.  
Concerning the termination reaction, for aminium radical 1.28.B it is about 1-2 
orders of magnitudes faster and for aminyl radical 1.28.E it is slightly slower by about 1 
order of magnitude  in comparison to the termination rate of carbon radical 1.28.N. For 
iminyl radical 1.28.H termination rate is about 2-3 orders of magnitudes slower while for 
amidyl radical 1.28.H termination is also about 3 orders of magnitude lower than that of 
1.28.N. Practices such as slow addition of tin hydride allow efficient control over the 
reaction outcome as intermolecular termination process is concentration dependent and 
slow addition can therefor favor the formation of the cyclized product. 
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Kinetic investigations under various different conditions on diphenyl substituted 
olefinic aminyl radicals have also been reported. As illustrated in Scheme 1.29, for all N-
centered radicals, cyclization rate constant is observed to increase by 1-2 orders of 
magnitude when the phenyl substituents are present in the terminal olefin, whereas, the 
termination rate constants are not influenced (Schemes 1.28 vs 1.29). Increased 
cyclization rate constants with phenyl substituents can be accounted for the more stable 
benzylic radical intermediates generated in the cyclization pathway. Interestingly, the 
influence of substituents on the cyclization rate constants is more pronounced with the 
corresponding iminyl radicals and least pronounced with aminyl radicals.  
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1.3 Applications of N-Centered Radicals in Total Synthesis 
Evidently, the utility of N-centered radicals in assembling complex structures have 
been largely underestimated by the synthetic community, and its true potential was not 
realized until the recent past. Recent applications of N-centered radical cyclizations in 
constructing complex heterocyclic compounds will be discussed in this section.  
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1.3.1 Synthesis of (±)-13-deoxyserratine Using Amidyl Radicals 
Zard and co-workers reported the total synthesis of (±)-13-deoxyserratine where 
an amidyl radical cyclization was employed as a key step during the synthesis (Scheme 
1.30).72 
 
 Amidyl radical 1.30.B was generated from the O-benzoyl-N-Allylhydroxylamine 
precursor 1.30.A with Bu3SnH as the H-atom donor. The aminyl radical cyclizes in a [3+2] 
annulation to deliver the intermediate 1.30.C. The cyclization takes place via 5-exo 6-
endo pathway. Surprisingly, the reaction in toluene delivered the undesired 5-exo/5-exo 
product while the reaction in a,a,a-trifluorotoluene using the analogous chloroallyl 
substrate resulted in the desired 5-exo/6-endo cyclization to result in the product 1.30.D 
in 52% yield.  
1.3.2 Synthesis of (±)-Cylindricine A Using Aminyl Radicals 
Snider and co-workers reported the synthesis of cylindricines A and B, where the 
key step employed was a radical cyclization of the corresponding N-chloroamine 1.31.A 
(Scheme 1.31).73 A radical cyclization using CuCl and CuCl2 in a solution of 2:1:1, 
TFA/AcOH/H2O resulted in cylindricine 1.31.D and epi-cilindricine 1.31.E in a ratio of 
55:45 in the crude mixture. They were easily isolated to obtain 42 and 41% of 1.31.D and 
1.31.E, respectively. 
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1.3.3 Synthesis of (±)-Luotonine via Iminyl Radicals 
 Bowman and co-workers reported the total synthesis of luotonine A, and an iminyl 
radical cyclization was employed as a key step in assembling two out of the four rings in 
the complex molecule (Scheme 1.32).74 The radical precursor 1.32.A was reacted with 
hexamethylditin in t-butyl benzene under photolytic conditions to result in the vinylic 
radical 1.32.B. This radical reacted with the nitrile group to generate the iminyl radical 
1.29.C which cyclized into the phenyl group. Subsequent aromatization of 1.32.D afforded 
the desired product, luotonine 1.32.E in 21% yield, along with an isomeric mixture of an 
amide by-product.  
 
 
Scheme 1.31. Utilizing Aminyl Radicals in the Synthesis of (+)-Cylindricines A, D and E
N
O
H2C
X C6H13
CuCl, CuCl2
THF, AcOH, H2O
Zn, MeOH, HCl
N
O
H2C
C6H13
N
O
C6H13
H
X
N
O
C6H13
H
X(86% yield)
1.31.A, X = H
1.31.B, X = Cl NCS (96%)
1.31.D
 X = Cl (42% yield)1.31.C
1.31.E
 X = Cl (42% yield)
+
Scheme 1.32. Utilizing Iminyl Radicals in the Synthesis of Luotonine A
N
N
O
Ph
I
CN
(Me3Sn)2, t-BuPh
hv N
N
O
Ph
N
N
N
O
N
N
N
O
N
H
N
N
O
N
t-BuO•
or Me•
1.32A 1.32B
1.32C 1.32D 1.32E
-[H•]
(21% yield)
 
 
28 
1.4 Summary 
Many of the natural products that have been isolated to date, especially polycyclic 
N-containing heterocycles, can be used in therapeutic applications or as molecular tools 
in studying biological processes which make them important synthetic targets. Some of 
the existing synthetic routes for their synthesis suffer from disadvantages such as 
consisting of too many steps, use of toxic reagents, and the difficulty of their synthesis 
warrants further study. N-centered radical (NCR) cyclization hold the potential to be used 
as a key reaction in assembling complex polycyclic structures containing nitrogen. 
However, NCR cyclizations have not been sufficiently explored compared to carbon 
centered radical cyclizations and extensive studies on their reactivity and kinetics can be 
of great synthetic utility for efficient synthesis of heterocyclic scaffolds.  
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CHAPTER 2: INVESTIGATIONS OF THE REACTIVITY AND SELECTIVITY OF 
TANDEM CYCLIZATIONS OF NEUTRAL AMINYL RADICALS 
 
2.1 Introduction 
Daphniphyllum alkaloids are structurally diverse, highly complex polycyclic 
compounds isolated from dioecious evergreen trees and shrubs of the genus 
Daphniphyllum, which are native to Southeast Asia.1,2 Some of these natural products 
exhibit remarkable biological activities3 including anticancer,4 antioxidant,5 
vasorelaxation,6 and elevation of nerve growth factor.7 The promising biological 
activities3, their scarce supply from natural resources, and the striking structural features 
of this class of natural products have attracted the synthetic community to consider them 
as challenging targets for biosynthetic research8 and total synthesis.9  
This chapter will include the initial work done in the Stockdill lab by Ahmad Ibrahim 
and Alberto Lopez, on neutral aminyl radical cyclizations in the route to access two 
Daphniphyllum alkaloids, daphnicyclidin A, and daphniyunnine C, where the crucial 
reaction is a tandem cyclization of an N-centered radical. The latter part of the chapter 
will discuss my work on tandem cyclization of conformationally unbiased substrates.  
2.2 Development of Tandem- N-Centered Radical Cyclization in Efforts to Access the 
ABC Core of Calyciphlline A Alkaloids 
2.2.1 Retrosynthetic Analysis of the Target Molecules 
The focus of the project was on daphnicyclidin A10 2.1.A and daphniyunnine 
C112.1.B (Figure 2.1), owed to their promising biological properties and their strikingly 
similar arrangement and oxidation states of the ABCD ring systems. The major difference 
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in these two molecules is that daphnicyclidin A contains of a 7-membered A ring whereas 
daphniyunnine C contains a 6-membered A ring, which were envisioned could be 
facilitated by a divergent synthesis of a polycyclic common core. Significant synthetic 
challenges associated with these molecules include tetrasubstituted quaternary centers, 
a tertiary aliphatic amine at the B/C ring junction, and the presence of highly functionalized 
7-membered rings.  
 
A the retrosynthetic analysis of the daphnicyclidin A and daphniyunnine C 
suggested that both of these target molecules could potentially be accessed via a 
divergent synthesis from the common ketal intermediate 2.2.E (Figure 2.2).  
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It was envisioned that the tricyclic ketal intermediate could be accessed via a N-
centered radical tandem cyclization beginning from from an N-Chloroamine precursor 
2.3.B (Figure 2.3). This transformation led to the development of new improved N-
centered radical cyclization conditions and was the key step in the synthetic route of these 
Daphniphyllum alkaloids. N-centered chloroamine radical precursor 2.3.B can be 
accessed from the amino alcohol 2.3.C via a chlorination of the N atom of the secondary 
amine followed by an oxidation of the allylic alcohol 2.3.C. The amino alcohol in turn can 
be obtained by reacting the amine 2.3.D with known lactone 2.3.E. (Figure 2.3).12 
 
This N-centered radical cyclization approach was expected to rapidly assemble 
the tricyclic core which can eventually lead towards the total synthesis of various natural 
products of the two subfamilies with few transformations following the radical cyclization.  
The proposed mechanism for the desired N-centered radical cyclization is outlined 
in Scheme 2.4. Homolysis of the N–Cl bond of the chloroamine 2.4.A by Bu3Sn• 
generated in situ from AIBN and Bu3SnH was expected to initiate the radical cascade via 
chlorine atom abstraction to generate an aminyl radical 2.4.B. The aminyl radical would 
then cyclize into the b-position of the a,b-unsaturated ketone in a 6-exo-trig fashion to 
generate the tertiary carbon radical 2.4.C. Radical 2.4.C will then be trapped by the 
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terminal alkyne group via a 5-exo-dig cyclization to result in the highly reactive vinylic 
radical 2.4.D. The vinylic radical 2.4.D would then undergo a hydrogen atom abstraction 
from an H-atom source to terminate the radical cascade resulting in the tricyclic 
intermediate 2.4.E. This novel and efficient approach will allow access to a key tricyclic 
intermediate which comprises of the ABC core of the synthetic targets of interest and 
various other Daphniphyllum alkaloids.13 
 
2.2.2 Synthesis of the N-centered Radical Cyclization Precursor14 
The synthesis was initiated with (+)-(R)-carvone15 2.5.A (Scheme 2.5), which was 
subjected to a hydroboration-oxidation sequence with 9-BBN, a TEMPO oxidation. and 
an epimerization reaction, to set the desired stereochemistry at the methyl group to 
produce the lactone 2.5.B. The resulting lactone was then reduced to lactol 2.5.C with 
DIBAL-H followed by a reductive amination with N-propargylamine to obtain the amino 
alcohol 2.5.D. Radical cyclization precursor N-chloroenone, 2.5.E was then accessed via 
a single flask N-chlorination/oxidation using N-chlorosuccinimide followed by DMP in high 
yields.16 Initial experiments to obtain the cyclization precursor were conducted with 
propargyl amine owing to its commercial availability.  
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2.2.3 Optimization of the Aminyl Radical Cyclization Conditions14  
Once the synthesis of the N-centered radical cyclization precursor, 2.6.A was 
achieved, several different cyclization conditions were evaluated (Table 2.6). Cyclization 
was performed with AIBN17 as the radical initiator and Bu3SnH as the H-atom donor with 
various solvents, and the N-centered radical was generated both thermally and 
photolytically (entry 2). Thermolysis was observed to produce the desired product 2.6.B 
in higher yield (entry 1).  
 
1) 9-BBN, THF, 0 ºC, 24 h
    then 30% H2O2, 3M NaOH
    THF, reflux, 24 h
2) NCS, TEMPO, TBACl, DCM
     K2CO3, NaHCO3 pH 8 buffer
3) LDA, TMSCl, THF, –78 ºC
    then AcOH
O
Me
Me
OH
Me
HN
H
Me
O
MgSO4, THF
NaBH4, MeOH
(91% yield)
O
Me
Me
OH
DIBAL-H
THF, –78 ºC
(>99% yield)
O
Me
(3 steps, 85% yield)
2.5.A 2.5.B 2.5.C
2.5.D
Scheme 2.5 Synthesis of the NCR Precursor
H2N
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NCS, CH2Cl2, –78 → 0 ºC
 then DMP, 0 → 21 ºC 
(96% yield)
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Bu3SnH (2 equiv.)
0.01 M
O
Me
N
Me
H
2.6.B2.6.A
H• source (2 equiv) Temperature (ºC) Solvent Addition Time (h) % yield (isolated)
Bu3Sn–H 80 Ph–Me 0 40–50
Bu3Sn–H 21 (sunlamp) Ph–Me 0 17
Bu3Sn–H 80 Ph–CF3 0 27
Bu3Sn–H 80 Ph–CF3 1 *unidentified pdt.
Bu3Sn–H 80 Ph–H 1 21 (dimerization)
Bu3Sn–H 80 Ph–Me 1 61 (& Cl• transfer)
Bu3Sn–H 110 Ph–Me 1 68–78
Table 2.6 Optimization of the NCR Reaction
Entry
1
2
3
4
5
6
7
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In addition to the desired product 2.6.B, several side products were also observed 
including the N-Cl reduction products  (2.7.A & 2.7.B of Figure 2.7), chlorine transfer 
product, 2.7.C and aryl incorporated product 2.7.D from addition to toluene. It was 
hypothesized that toluene could behave as a potential H-atom donor for the aminyl or 
alkyl radicals generated in the reaction, and in order to probe this, CF3Ph was used as 
the solvent for the experiment (entry 3)  that followed. This experiment resulted in the 
cyclized product in only 27% yield, suggesting toluene’s potential function as a H-atom 
donor.18  
 
Next, attempts were taken to increase the reaction yields by slow addition of a 
solution of AIBN and Bu3SnH over 1h. In the absence of slow addition, high radical 
concentration is typical at the beginning of the reaction followed by a rapid drop of radical 
concentration towards the end. Moreover, since half-life of AIBN at 80 ºC is 1 h, 
maintaining low Bu3SnH concentrations is expected to support cyclization over the 
undesired reduction products. Under these conditions, no product was observed with 
PhCF3 (entry 4), and PhH (entry 5) resulted in the cyclized product in low yield. As 
anticipated, PhMe resulted in the desired cyclized product with slow addition of reagents 
in high yield while Cl-transfer byproduct was also isolated (entry 6). To minimize the 
formation of the Cl-transfer product and to increase the yield of the cyclized product the 
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reaction was performed at a higher temperature, and the desired cyclized product was 
isolated in 74% yield (entry 7).  
2.2.3.1 Mechanistic Investigation of the Radical Cyclization14 
 
In line with the proposed mechanism for the N-centered radical cyclization reaction 
(Scheme 2.4), use of toluene as a the solvent was shown to be ideal in the reaction 
system.19 It was anticipated that toluene can potentially involve in the reaction as a H-
atom donor driven by the resonance stabilization of the resulting benzyl radical. Low 
yields obtained in PhCF3 and PhH also supported the above hypothesis.  
To explore more into the H-atom donor that participates in quenching the vinylic 
radical, 2.4.D, deuterium labeling experiments were conducted with d8-toluene and 
Bu3Sn–D (Table 2.8). The cyclizations were conducted using our optimized cyclization 
conditions and the pure product was evaluated for any deuterium incorporation using 
mass spectrometry. Corresponding non-deuterated compound was analyzed to 
determine a standard for isotopic distribution and the observations were consistent with 
the calculated distributions. In the presence of Bu3Sn–D and toluene, slightly higher 
incorporation of deuterium was observed. When d8-toluene with Bu3Sn–H was employed 
in the reaction, almost 1:1 deuterium to hydrogen atom incorporation was observed, 
further confirming the contribution of the solvent as a significant H-atom donor.  
When both d8-toluene and Bu3Sn–D were used in the reaction higher deuterium 
incorporation over hydrogen was noticed. Next, slow addition of Bu3Sn–D/AIBN mixture 
was avoided and doubled equivalents of Bu3Sn–D with PhMe as the solvent was used in 
the reaction to restrict the possible donation by toluene. In comparison to the obtained 
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results for toluene, Bu3Sn–D and slow addition conditions, these cyclizations showed 
slightly higher deuterium incorporation.20 
 
 
To further clarify the function of solvent as a H-atom donor, cyclization was 
performed without the external H-atom donor, Bu3SnH in various solvents including in 
toluene, o-xylene, ethylbenzene and isopropyl benzene (Table 2.9). Interestingly, a 
significantly lower yield was obtained with toluene compared to that of the previously 
observed with Bu3SnH19. Cyclization in o-xylene yielded the product in 30% with its 
slightly lower BDE than toluene. Similarly cyclizations in ethylbenzene and isopropyl 
benzene afforded the product in higher yields. Reduction product (N–H BDE ~88 
kcal/mol) was observed in cyclization in o-xylene, ethylbenzene and isopropyl benzene 
by GCMS in increased amounts, as the BDE (Bond Dissociation Energy) for benzylic C–
H decreased. These data provide evidence towards the hypothesis that solvent plays a 
major role as an H-atom donor during the cyclization reaction and that the solvent 
participation can be controlled based on the BDE of the corresponding C–H bond.20 
solvent
PhMe
PhMe
O
Me
N
Me
H
AIBN (0.5 equiv), Bu3Sn–Y
1 h slow addition
PhCH2–Y, 108 ºCMe
O
Me
N
H
H/D
observed MS intensities (m/z)
Bu3Sn–H
Bu3Sn–D
stannane
d8–PhMe Bu3Sn–H
d8–PhMe Bu3Sn–D
Cl
206 207 208
100 15 1
100 32 5
100 93 15
17 100 17
(equiv)
2.0
2.0
2.0
2.0
PhMe Bu3Sn–D*
PhMe Bu3Sn–D
100 51 7
100 54 8
2.0
4.0
% yield
74
66
46
26
54
39
2.8.A 2.8.B
Table 2.8. Deuterium Incorporation Study: PhMe, Bu3Sn–H Conditions
*reagents were added all at once, no slow addition
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2.2.3.2 Optimization of the Nature of the Radical Precursor 
In efforts towards the synthesis of the Daphniphyllum alkaloids, to obtain maximum 
efficiency in the synthesis, introduction of a ketal, 2.10.D to the tricyclic intermediate was 
envisioned. It was hypothesized that the ketal will assist in incorporating the necessary 
number of carbons to assemble the fused 7-membered D ring via an aldol condensation 
and the introduction of the ketal was expected to be performed via a reductive amination 
reaction (Figure 2.10). 
 
The synthetic route for the ketal, 2.10.D is outlined in Scheme 2.11. Ethyl 
acetoacetate 2.11.A upon exposure to acid-catalyzed ethylene glycol protection afforded 
the ketal 2.11.B in 86% yield. The ketal 2.11.B was then converted to the terminal alkyne 
2.11.C via a single flask DIBAL-H reduction followed by a homologation with the Ohira-
Bestmann reagent to afford the product in 68% yield. The resulting terminal alkyne was 
2.9.B2.9.A
solvent % yield (isolated)
o-xylene 30
Ph–Et
O
Me
N
Me
H
AIBN (0.5 equiv)
solvent, 108 ºCMe
O
Me
N
H
~87
~85
BDE (kcal/mol)
Ph–(i-Pr) ~83
Cl
Ph–Me 9~88
42
49
Table 2.9. Solvent Donation with Terminal Substrates
O
Me
N
Me
H
Me
H
O
H
H O
Me
H
O O
N
N
O
Me
Me
Figure 2.10 Retrosynthetic Analysis of ent-Daphniyunnine C
A
B
C
D
E F
2.10.C2.10.B
O
Me
Me
OH
2.10.E
OO NH2
2.10.D
O
2.10.A
ent-Daphniyunnine C
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reacted with n-butyllithium to generate the acetylide anion which was then trapped with 
paraformaldehyde to give the alcohol 2.11.D in 67% yield. The desired ketal 2.11.E was 
obtained via a Gabriel amine synthesis in high yield over two steps. 
 
 
To synthesize the cyclization precursor, lactol 2.12.A was exposed to reductive 
amination conditions with the ketal 2.11.E, to obtain the amino alcohol 2.12.B (Scheme 
2.12). Unfortunately, only a modest yield (58%) was obtained for the generation of the 
chloramine 2.12.C from the amino alcohol 2.12.B, as opposed to the quantitative yields 
obtained previously for the analogous terminal alkyne (Scheme 2.5).  
 
It was suspected that chromatographically inseparable N-boronated the impurities 
carrying over form the previous reductive amination step might be interfering with the 
chlorination oxidation step. To avoid the reductive amination step using NaBH4, 
employing an azide in place of the amine in an aza-Wittig reaction was envisioned 
followed by an in-situ LAH reduction to access the amino alcohol 2.12.B. The 
Scheme 2.11 Synthesis of the Target Ketal
OEt
O cat. TsOH•H2O
PhMe, reflux
(86% yield)
OHHO
O
OO
OEt
O OO
DIBAL–H, DCM/hexane
 –78 ºC, then
 
K2CO3, MeOH, 0 º C, 16 h
(68% yield)
O
N2
PMeO
O
MeO
n-BuLi, THF, –78 ºC
then (CH2O)n
(67% yield)
OO OH OO NH2
1) DIAD, phthalimide
    DIPEA, PPh3, THF, 0 ºC
2) NH2NH2, MeOH, reflux
           (80% yield)
2.11.C2.11.B2.11.A
2.11.D 2.11.E
O
Me Me
OH
Me
N
H
H
Me
OH
O
O Me
O
Me
N
H
O
O
Cl
MgSO4, THF
then
NaBH4, MeOH
(65% yield)
H2N
O
O
NCS, CH2Cl2, –78 → 0 ºC
then DMP
(58% yield)
Scheme 2.12. Convergence with Internal Alkyne
2.12.A 2.12.B 2.12.C
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corresponding azide 2.13.B was obtained by subjecting the alcohol 2.13.A to a single 
flask mesylation-substitution reaction as outlined in Scheme 2.13. 
 
Azide 2.14.B was incorporated in to the lactol 2.14.A as outlined in Scheme 2.14 
to obtain the amino alcohol 2.14.C in 85% yield. The modified reaction functionality 
resulted the desired cyclization precursor 2.14.D in quantitative yields (Scheme 2.14).   
 
2.2.3.3 N-Centered Radical Cyclization with Internal Alkyne/Ketal Substrate 
 
Once the synthesis of a desired and reliable cyclization precursor was established, 
it was subjected to the radical cyclization conditions to assess the efficacy of the N-
centered tandem radical cyclization. Unexpectedly, previously optimized cyclization 
conditions resulted in inconsistent yields when the N-chloroenone 2.15.A was subjected 
to the cyclization conditions. Isolated yields were observed to be highly variable over 
multiple attempts, and non-reproducible.  
 
O O OH O O N3
1)Et3N, MsCl
ACN, 0º C
2)NaN3
Scheme 2.13 Synthesis of Azide
(90% yield)2.13.A 2.13.B
O
Me Me
OH
Me
N
H
Hthen 
LAH, THF
(85% yield)
NCS, DCM, –78 → 0 ºC
then DMP
(98% yield)Me
OH N3
O
O
O
O Me
O
Me
N
H
O
O
2.14.B
PPh3,
Scheme 2.14. Convergence with Azide
2.14.A Cl2.14.C 2.14.D
Me
O
Me
N
H
O
O
Cl
O
Me
N
Me
H
O
OAIBN , Bu3SnH 
PhMe, 108 ºC
(0–48%) 
highly variable
2.15.B2.15.A
Scheme 2.15 Variable Yields for N-Centered Radical Cyclization
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Considering the potential of a solvent to behave as a H-atom donor during the 
radical cascade, from the previously conducted deuterium studies, experiments were 
conducted by slow addition of Bu3Sn–H/AIBN mixture  (3h instead of 1h) to the reaction 
and unfortunately, reliable yields weren’t obtained (Table 2.16). In efforts to promote H-
atom abstraction from solvent, reactions were conducted in ethylbenzene at 0 ºC, 108 ºC, 
and 125 ºC as well as o-xylene at 108 ºC. However,  these alterations did not improve 
the desired outcome of the reaction with satisfactory yields but significant amounts of 
reduction product was isolated.  Cyclization was also attempted in THF, and despite the 
low yields obtained, interestingly, no reduction product was observed. Moreover TLC 
analysis of crude THF reaction mixtures exhibited the fewest spots in comparison to the 
cyclizations in other solvents and the cleanest reaction mixture was obtained when the 
experiment was run at 100 ºC in a sealed tube. 
 
Temp. (ºC) Solvent Addition Time (h) % yield
108 Ph–Me 1 0 - 48
% N–Cl reduction
–
108 Ph–Et 1 32 –
80 Ph–Et 1 0 53
125 Ph–Et 1 ~10 47
108 o-xylene 1 10 36
66 THF 1 22 –
66 THF 3 25 –
100 THF 1 23 –
61 CHCl3 1 25 –
108 Ph–Me 3 13 –
Me
O
Me
N
H
O
O
Cl
O
Me
N
Me
H
O
O
AIBN (0.5 equiv)
Bu3SnH (2.0 equiv)
2.17.B2.17.A
Table 2.16. Solvent Screen for NCR Cyclization with Internal Alkyne
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Next, the focus was on exploring various H-atom donors by evaluating the reagent 
and substrate BDEs (Table 2.17). To suppress N–H reduction  (from 2.17.B) while driving 
the vinylic H-atom abstraction, an H-atom donor with a higher H-atom BDE than the 
reduction product (N–H, ~88 kcal/mol) but a lower BDE than a vinylic C–H (~105 
kcal/mol), was selected. Trialkylsilanes fell in to be more appropriate for this purpose with 
a BDE range of 86 to 95 kcal/mol, and the utility of various silicon-based reagents in 
radical cascades have also been reported in literature.21,22,23,24 Moreover, the high Si–Cl 
BDE for the anticipated byproduct in the radical cascade would minimize the generation 
of the undesired chlorine atom transfer side product.25 
 
Initial investigations on the cyclization with N-chloroenone, 2.18.A and TIPS–H as 
the H-atom donor were conducted to validate the BDE  based hypothesis (Table 2.18). 
We predicted that BDE for TIPS-H possibly lies between the BDE values of tBu3Si–H (~86 
Me
O
Me
N
H
Cl
O
Me
N
Me
H
SnBu3
Bu3SnCl
Me
O
Me
N
H
O
Me
N
Me
H
O
Me
N
Me
H
H–Y
Y•
R2N—Cl
R2N—H
α-keto C–H
vinylic C—H
R
R R
R
R
Table 2.17 NCR Tandem Cyclization Mechanism, a BDE Analysis
2.17.A
2.17.E
2.17.B 2.17.C
2.17.D
Bu3Sn–Cl ~97 Me3Si–Cl ~113
α-H-THF ~92
PhCH2–H ~88
TMS–H ~90-95
TES–H ~95
TIPS–H unreported
t-Bu3Si–H ~86
Bu3Sn–H ~78
Bond BDE (kcal/mol)
~88
~67
~105
~89-95
Bond BDE (kcal/mol) Bond BDE (kcal/mol)
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kcal/mol) and TES–H (~95 kcal/mol) as we could not find an exact value for BDE of TIPS–
H in literature. 
Cyclized product was obtained in low yields when the reaction was conducted in a 
sealed vessel in an oil bath at 100 ºC following slow addition of AIBN and TIPS–H mixture 
in THF. Interestingly more reduction product was observed when the reaction was 
conducted at 80 ºC. Low yields accompanied by undesired products were obtained when 
the reaction solvent used was toluene or benzene. In the absence of slow addition, 2.0 
equiv of TIPS at 100 ºC with a reaction time of 2 afforded the product in the highest yield 
of 68% upon purification.26The developed tin free aminyl radical cyclization conditions 
were considered significant as it provided an alternative to the toxic alkyl alkylstannanes 
in synthesis.27 
 
Equiv TIPS–H Temperature (ºC) Solvent AdditionTime (h)
% isolated yield 
(optimized purification yield)
4 100 THF 2 36
4
100 THF 1 28
100 0 36 (68)
80 1 0 (mostly reduction)
120 1 18
100 Ph–Me 1 15
100 Ph–H 0 0 (mostly reduction)
100 Ph–Me 0 low conversion
100 0 32THF
2
2 THF
2
2
THF
2
THF
2
2
Reaction
Time (h)
2
2
2
2
2
3
2
2
2
Me
O
Me
N
H
O
O
Cl
O
Me
N
Me
H
O
O
AIBN (0.2 equiv)
TIPS–H
2.18.A 2.18.B
Table 2.18 Optimization of NCR Cyclization with TIPS–H
 56 
2.2.3.4 Optimization of the Terminal Alkyne Substrate 
To investigate the reaction outcome for the previously employed terminal alkyne 
substrate under the tin-free N-centered radical cyclizations, the terminal alkyne was 
subjected to various silanes and Et3Ge–H (Table 2.19).28 It should be noted that radical 
cyclizations with TES–H,29 Et3Ge–H,30 and TTMS–H31 have been well documented.27 
However, our experiments led to observations that linked to a correlation between the 
BDE of a trialkylsilane and the reaction yield.32 Et3Ge–H was observed to be an exception 
which afforded the tricyclic intermediate 2.19.B in 74% yield. Although many reports 
employ TTMS–H as an ideal alternative for tin based H–atom donors in radical 
cascades,28,32 no cyclization product was isolated for TTMS–H reaction with the N-
chloroenone 2.19.A; this is in line with the tendency of aminyl radicals to undergo 
reduction as an undesired pathway.33 
 
To explore the possibility of THF participating as a potential H-atom donor in the 
aminyl radical cyclization cascade, deuterium labeling studies were conducted with d8-
THF and H-atom donors: TTMS–H, Et3Ge–H, TIPS–H, and Bu3Sn–H (Table 2.20). 
Table 2.19 Silane Screen with Terminal Alkyne
AIBN (0.2 equiv)
R3Y–H (2 equiv)
sealed vessel
THF, 100 ºC
O
H
N
Me
MeMe
O
Me
N
H
Cl
H-atom source % yield
TIPS–H 54
Et3Ge–H 74
(TMS)3Si–H reduction
TES–H
Ph3Si–H
65
59
BDE Y-H bond
(kcal/mol)
–
95
89
84
86
Ph2MeSi–H 5186
2.19.A 2.19.B
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Optimized conditions for the ketal substrate on N-chloroenone was used as a standard. 
In this reaction the tricyclic intermediate  was obtained in low yields. An increase in the 
yield with a considerable amount of deuterium incorporation was detected upon exposure 
to similar conditions with deuterated THF. Moreover, increasing the reaction 
concentration in deuterated THF to minimize solvent donation resulted in a significant 
drop in the reaction yield while also expressing significant deuterium incorporation. 
Interestingly amine 2.20.B was isolated in 39% yield from the TIPS–H free experiment 
which was significantly higher than that observed with TIPS–H (26%). Contribution and 
behavior of the solvent in the presence Bu3Sn–H as the H–atom donor was studied next. 
It was observed that THF participates as an H-atom donor in these reactions, but this 
reactivity was observed to reduce upon higher concentrations. Lastly, exclusive reduction 
was observed when the N-Chloroenone was heated in THF in the absence of an H-atom 
donor or a radical initiator.  
 
Solvent
d8–THF
THF
O
Me
N
Me
H
AIBN (0.2 equiv)
H-atom donor (2 equiv)
solvent, 100 ºCMe
O
Me
N
H
TIPS–H
–
H-atom donor
THF Bu3Sn–H
d8–THF Bu3Sn–H
Cl
d8–THF TIPS–H ~exclusive D incorporation by MS
Concentraction (M)
0.05
0.009
0.009
0.009
0.05
d8–THF Bu3Sn–H
THF Et3Ge–H
0.009
0.009
%yield
6
25
39
62
26
50
30
Observations
~exclusive D incorporation by MS
–
~5:2 H:D incorportation by MS
–
~1:1 H:D incorportation by MS
THF TTMS–H 0.009 46 –
–
THF TIPS–H 0.009 26
THF None, no AIBN 0.009 – Only reduction
–
Table 2.20. Deuterium Incorporation Study: THF, TIPS–H Conditions
2.20.A 2.20.B
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2.3 Manipulation of Established Aminyl Radical Cyclization Conditions to understand 
the Electronic Biases on Tandem Aminyl Radical Cyclization 
 
Once the novel N-centered radical cyclization conditions were established avoiding 
slow addition, THF as the solvent and silanes and alternative H-atom donors, focus was 
shifted to expanding the applications of the developed cyclization conditions in other 
related avenues. Heng Chen, a former graduate student in the Stockdill lab carried out 
experiments utilizing the new cyclization conditions on mono-cyclization of simple 
substrates. Investigations were carried out on both activated olefin precursors and 
polarized olefin precursors with various different H-atom donors. The inconsistencies in 
the observed reactivity with silanes and stannanes as H-atom donors with polarized and 
non-polarized substrates on the mono-cyclization study, and the tandem cyclization 
results obtained by Dr. Ibrahim with regard to the core intermediate of Daphniphyllum 
alkaloids, inspired us to explore the reaction outcome with the same conditions in 
conformationally unbiased tandem cyclizations. Understanding any structural or 
electronic biases operating towards the general reactivity of aminyl radical cyclizations 
was a goal.  
Utilizing these optimized and more efficient cyclization conditions in understanding 
the impact of electronic environment on the cyclization outcome and regioselectivity was 
envisioned, using conformationally unbiased aminyl radical precursors. At the same time, 
further exploration was sought into broadening the substrate scope for aminyl radical 
cyclizations using the developed conditions that will grant access to heterocyclic scaffolds 
such as pyrrolizidines, indolizidines and quinolizidines which are commonly encountered 
as important structural motifs in biologically active alkaloids. 
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2.3.1 Tandem Cyclization With Polarized and Non-polarized Allyl Pentenyl Radical 
Precursors 
 
Investigations began with allyl pentenyl chloroamine precursors to facilitate 
comparison with the reported studies conducted on the same substrate using general 
literature conditions that were discussed in detail in chapter 1.34  
The synthesis of 2.21.D. was completed in few steps starting from 4-pentenoic 
acid, 2.21.A (Scheme 2.21). Acid 2.21.A was converted to the respective acid chloride, 
which was carried through to the next step without a purification. The acid chloride was 
transformed in to the amide, 2.21.B with allyl amine, in good yield. The amide 2.21.B was 
then subjected to reducing conditions to obtain the respective amine, 2.21.C. The allyl 
pentenyl amine, 2.21.C was then reacted with NCS in a fast reaction to obtain the aminyl 
radical precursor, chloroamine 2.21.D in good yield.  
 
Synthesized allyl pentenyl aminyl radical precursor was then subjected to 
cyclization conditions. Cyclization was attempted in three different solvents with four 
different H-atom donors. The reaction mechanism is outlined in Scheme 2.22. Allyl 
pentenyl chloroamine precursor 2.22.A first undergoes homolysis of the N–Cl bond by a 
Bu3Sn• to generate the neutral aminyl radical species 2.22.B. This aminyl radical then 
cyclizes in to the olefin in the longer carbon chain via a 5-exo-trig cyclization to form the 
monocyclized radical intermediate 2.22.C. The generated primary radical intermediate 
OH
O
H
N
O
1. (COCl)2, DMF (cat.), DCM
2. allyl amine, Et3N
CH2Cl2, 0 ºC
LiAlH4, 0 ºC 
THF
H
N N
Cl
NCS, CH2Cl2
–78 ºC
75 % yield
83 % yield75 % yield
Scheme 2.21. Synthesis of the Allyl Pentenyl Radical Cyclization Precursor
2.21.A 2.21.B
2.21.C 2.21.D
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cyclizes again into the second olefin via another 5-exo-trig cyclization to form the tandem 
cyclized primary radical species, 2.22.D. This undergoes an H-atom abstraction from the 
solvent or the external H-atom donor to yield the desired bicyclic pyrrolidine derivative 
2.22.E.  
 
As mentioned before, the radical cyclization of these aminyl radicals is in 
competition with the H-atom abstraction of the aminyl radical intermediate 2.22.B 
generated during the first step. To avoid or to minimize the formation of the reduced amine 
over the desired cyclized product 2.22.E, we hypothesized that the BDE of the H-atom 
donor used should ideally have a value that is higher than the BDE of the N–H bond of 
the undesired amine and a lower enough BDE than the BDE of the C–H bond involved in 
the final step of the cyclization. Therefore several different potential H-atom donors were 
subjected to reaction conditions in different solvents. Direct GC ratios (Table 2.23) were 
recorded for each crude cyclization mixture. As was expected and as reported, the final 
outcome of all cyclizations were obtained as  mixtures of several products. We observed 
the formation of uncyclized reduced amine 2.23.B, diastereomers of the 5-exo/5-exo 
cyclized products 2.23.C and 2.23.D, and trace amounts of a minor product 2.23.E, 
suspected to be the 5-exo/6-endo cyclized product. Depending upon the H-atom donor 
and the solvent, the ratios of these products varied. TTMS-H as the H-atom donor did not 
result in significant amounts of the desired product by GCMS in any of the three solvents 
Scheme 2.22. Mechanism for Tandem Cyclization of Pendant Allyl Substrate.
N
Cl
N
N
N
2.22.A 2.22.B 2.22.C 2.22.D
N
2.22.E
H• donorAIBN, H• donor
  solvent, T ºC
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used. Based on the potential role of THF to facilitate the cyclization as discussed before 
(Table 2.20), different H-atom donors were tested with THF as the solvent. Et3GeH 
resulted in the best ratio of cyclized to free amine, a ratio of 1:1 (Table 2.23). 
 
All these products had similar retention times and therefore proved impossible to 
isolate from each other to get accurate yields for the desired product and by-products. 
Moreover, the replicated experiments for each of these cyclizations yielded inconsistent 
product ratios and combined yields when isolated as mixtures. These observations can 
be accounted for by the volatility of the product. However, since the GC injection of the 
crude material was performed as soon as the reaction was completed, it can by 
hypothesized that the errors in ratios is due to volatility are minimal. These observations 
suggested that the radical cyclization with the allyl pentenyl substrate results in a highly 
variable outcome when replicated and does not serve as a suitable substrate to study 
structural and electronic impacts on aminyl radical cyclization. Moreover, the fact that the 
desired product cannot be isolated as a pure substrate makes it a less useful substrate 
to be used as a synthetic intermediate in tertiary amine containing alkaloids. 
N
Cl
H• donor (2 equiv)
 AIBN (0.2 equiv)
Solvent (0.009 M), 100 ºC
2.23.A 2.23.B
Solvent           H• atom donor    2.23.B      2.23.C/C’   2.23.C/C’  2.23.D
H
N
2.23.C 2.23.C’ 2.23.D
THF                      TTMS               90               7                –             3
Toluene                TTMS              100             –                –             –
Cyclohexane       TTMS               83              13              –             4
THF                       TIPS                74              25             1.0           0
 
THF                      Et3GeH             50             40               8             2
THF                      Bu3Sn-H           96               3             0.2          0.1
Table 2.23. GCMS Data for Solvent and H• Atom Donor Screens for Tandem Cyclization.
N
H
N
H
N
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Considering the reactivity based on BDE values of the bonds involved in this 
reaction, using a phenyl substituent on the olefin in the longer carbon chain was 
envisioned to enhance the rate of the cyclization promoting the reaction towards exclusive 
cyclization over the reduced non-cyclized product. Synthesis of the phenyl substituted 
substrate is outlined in Scheme 2.24. The synthesis was carried out in a similar manner 
except for the first step, where 4-pentenoic acid 2.24.A was subjected to a cross 
metathesis with Grubbs’ II catalyst to install the phenyl substituent, yielding acid 2.24.B 
in 60% yield. Acid 2.24.B was converted to the acyl chloride 2.24.C, and carried forward 
to the next step reacting it with allyl amine to obtain the respective amide 2.24.D in 78% 
yield. It was then reduced to amine 2.24.E, which was converted to the radical cyclization 
precursor chloroamine 2.24.F with NCS. 
 
Using the styrenyl allyl substrate as the radical cyclization precursor was 
envisioned to result in efficient and exclusive cyclization because of the stabilized radical 
intermediates that are involved in the reaction mechanism (Scheme 2.25). Upon Cl atom 
abstraction from chloroamine precursor 2.25.A by •SnBu3, aminyl radical 2.25.B will be 
formed. The aminyl radical then cyclizes onto the olefin in a 5-exo-trig fashion to result in 
OH
O
styrene
Grubbs II, CH2Cl2
OH
O
Ph
Scheme 2.24. Synthesis of the Allyl Pentenyl Radical Cyclization Precursor
2.24.A 2.24.B(60% yield)
(ld)COCl)2, DMF (cat.),
CH2Cl2, 0 ºC
Cl
O
Ph Allyamine, Et3N
CH2Cl2, 0 ºC
H
N
O
Ph
2.24.C 2.24.D
(78% yield)
THF
LiAlH4, 0 ºC
H
NPh  NCS
CH2Cl2, –78 ºC
2.24.E
(54% yield)
(25% yield)
NPh
2.24.F
Cl
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stabilized benzylic radical intermediate 2.25.C. This radical is then trapped by the second 
olefin via a 5-exo-trig cyclization to generate the bicyclic primary radical 2.25.D, which 
subsequently undergoes an H-atom abstraction to afford the tandem cyclized product 
2.25.D. 
 
Aminyl radical precursor 2.25.A, was subjected to cyclization conditions in several 
solvents with different H-atom donors. As reported in literature, exclusive cyclization was 
observed with the cyclization conditions as well.35 However, the desired product was 
obtained as an inseparable mixture of diastereomers of the cyclized product by crude 
NMR (Scheme 2.26).  
 
2.3.2 Tandem Cyclization of the Non-Polarized Propargyl pentenyl Substrate                                                       
Next, exploration of cyclization was sought with N-chloroamine substrates with a 
propargyl handle and a terminal olefin. The cyclization precursor was synthesized in a 
similar  manner as the allyl pentenyl substrate, as outlined in Scheme 2.27.  
Scheme 2.25. Mechanism of Tandem Cyclization for the Polarized Pendant Allyl Substrate
N
Cl
N
N
N N
2.25.A 2.25.B 2.25.C 2.25.D 2.25.E
H• donorAIBN, H• donor
  solvent, T ºC
Ph Ph
Ph
Ph Ph
TTMSH (2 equiv)
AIBN (0.5 equiv)
 3h
THF, 100˚C
N
Ph
Me
2.26.A 2.26.BComplex mixture
NPh
Cl
Scheme 2.26. Cyclization of Phenyl Substituted Pentenyl Allyl N-chloroamine
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Amide 2.27.B was generated from 4-pentenoic acid 2.27.A via the respective acyl 
chloride in 91% yield. This was then reduced with LiAlH4  to obtain amine 2.27.C followed 
by chlorination with NCS to obtain the cyclization precursor N-chloroamine 2.27.D in 93% 
yield. The use of a propargyl handle in place of an allyl group was established to enhance 
selectivity for cyclization over the reduced acyclic amine by-product, owing to the rapid 
trapping of the vinylic radical by an H• atom donor. Further avoidance of diastereomeric 
mixtures of the cyclized product was expected to simplify the analysis. The reaction 
mechanism is outlined in Scheme 2.28. N-Chloroamine precursor 2.28.A undergoes 
chlorine atom abstraction by Bu3Sn• to generate aminyl radical 2.28.B, which cyclizes 
into the olefin in a 5-exo-trig cyclization to form the mono-cyclized radical intermediate 
2.28.C. This primary radical then undergoes a second 5-exo-dig cyclization to form the 
bicyclic intermediate 2.28.D. This vinylic radical abstracts a H-atom from solvent or an 
exogenous H-atom donor to yield the desired pyrrolizidine derivative 2.28.E. 
 
As anticipated, exclusive cyclization was observed in good yields when the N-
Chloroamine 2.27.A was subjected to our optimized cyclization conditions (THF in a 
OH
O
H
N
O
1. (COCl)2, DMF (cat.),CH2Cl2, 0 ºC
2. propargyl amine, Et3N
CH2Cl2, 0 ºC
LiAlH4, 0 ºC
Et2O
H
N N
Cl
NCS, CH2Cl2
–78 ºC
91 % yield
93 % yield70 % yield
Scheme 2.27. Synthesis of the Propargyl Pentenyl Radical Cyclization Precursor
2.27.A 2.27.B
2.27.C 2.27.D
Scheme 2.28. Mechanism for Tandem Cyclization of Pendant Propargyl substrate.
N
Cl
N
N
N
2.28.A 2.28.B 2.28.C 2.28.D
N
2.28.E
H• donorAIBN, H• donor
  solvent, T ºC
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sealed vessel at 100 ºC with TTMS-H or TIPS-H as the H-atom donor). Moreover, cyclized 
product was isolated as a single diastereomer. TIPS-H resulted in better yields in 
comparison to TTMS-H and was established as the most appropriate H-atom donor for 
this substrate. All reactions conducted with different conditions were triplicated. 
Summarized in Table 2.29 are the GC ratios and isolated yields obtained with TIPS-H as 
the H-atom donor with our established cyclization conditions.  
 
Isolated yields for the desired cyclized product were obtained in a range from 79-
94% and the volatility can be accounted for the variability observed. The other by product 
was identified as the reduced cyclic amine by NMR spectroscopy. Direct GC ratios 
observed were in a narrow consistent range confirming the reproducibility of this reaction 
on this substrate. In further efforts to enhance the efficiency of the radical reaction, it was 
attempted in a sealed vessel in a microwave (Table 2.30).  
N
TIPSH (2 equiv)
AIBN (0.5 equiv)
 3h
THF, 100˚C
tri decane (0.2 equiv)
N
Entry           Scale
Trial 1         35 mg
Trial 2        35.7 mg
Trial 3         35 mg
Average
Standard Deviation
2.29.C 
(mass)   
7.3
3.3
2.8
2.29.B
(mass) mg   yield
    21.7          (79%)
   26.2          (94%)   
   22.9          (87%)
                    GC ratio
2.29.C         2.29.B      tridecane
16.47            25.61       57.92
17.89            27.17       54.94
17.53            25.42       57.05
17.30            26.10       56.63
0.738            0.961       1.532
2.29.B
Table 2.29. Cyclization of Pentenyl Propargyl N-chloroamine with TIPS-H
2.29.A
NH
2.29.C
Cl
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The reaction was completed in 30 minutes as opposed to the regular conditions in 
an oil bath at 100 ºC. Moreover, the yields were obtained within a similar range as with 
the established regular conditions, 69-87% from the triplicated reactions. Observed low 
yield in trial 2 is accounted for loss of compound during work up and purification process, 
as consistency in product ratios is evident in the GC ratios. Reaction was also performed 
with Bu3SnH as the H-atom donor, at 108 ºC with slow addition of the H-atom donor and 
AIBN, and the reaction was triplicated. Direct GC ratios obtained are summarized in Table 
2.31. 
 Cyclizations performed with Bu3SnH, resulted in GC ratios that were slightly 
different GC ratios favoring more toward the cyclized product. However, the use of TIPS-
H was sought as the ideal H• atom donor considering the good isolated yields obtained 
and the toxicity of Bu3SnH.  
N
TIPSH (2 equiv)
AIBN (0.5 equiv)
microwave 30  min
THF, 100˚C
(Tri decane 0.2 equiv)
N
Entry
Trial 1     34.7 mg
Trial 2     34.5 mg
Trial 3     11.1 mg
Average
Standard Deviation
2.30.C
(mass)mg
2.9
1.0 
0.3
2.30.B
(mass) mg   yield
23.5            (87%)
5.7              (21%)
5.9              (69%)
                    GC ratio
2.30.C         2.30.B      tridecane
19.22           26.13         54.65
19.08           26.15         54.77
21.26            8.10          70.64
19.85           20.12         60.02
1.22             10.42          9.20
Table 2.30. Microwave Cyclization of Pentenyl Propargyl N-chloroamine with TIPS-H
NH
2.30.B2.30.A 2.30.C
Cl
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2.3.3 Tandem Cyclization of the Polarized Propargyl Substrates                                                      
As hypothesized for the allyl pentenyl substrate, the use of polar substituents on 
the olefin of the respective propargyl substrate was envisioned to increase the reactivity 
towards cyclization. It was hypothesized that the electron deficiency of the radical 
intermediates involved, and the likely lower energy barriers associated with the reactivity 
of those radicals in the reaction mechanism will enhance the reaction outcome. N-
Chloroamine with phenyl, a, b-unsaturated ketones and methyl ether substituents were 
among the substrates that were subjected to cyclization conditions. Focus was also 
placed on accessing heterocyclic scaffolds with different ring systems and therefore 
substrates with longer carbon chains were also subjected to cyclization conditions.  
2.3.3.1 Aminyl Radical Cyclization with Styrenyl N-Alkynyl Substrates 
Precursor substrates were synthesized in a similar manner to that of the analogous 
allyl substrate. Once the respective acids were generated from the appropriate acid via 
cross metathesis, it was transformed to the corresponding amide, with propargyl amine 
or homo-propargyl amine to obtain the desired product in a good yield. The amides were 
N
Cl
H• donor (2 equiv)
 AIBN (0.2 equiv)
Solvent (0.009 M), 100 ºC
2.31.A 2.31.B
Solvent           H• atom donor    2.31.B      2.31.C/C’   2.31.C/C’  2.31.D
H
N
2.31.C 2.31.C’ 2.31.D
THF                      TTMS               90               7                –             3
Toluene                TTMS              100             –                –             –
Cyclohexane       TTMS               83              13              –             4
THF                       TIPS                74              25             1.0           0
 
THF                      Et3GeH             50             40               8             2
THF                      Bu3Sn-H           96               3             0.2          0.1
Table 2.31. GCMS Data for Solvent and H• Atom Donor Screens for Tandem Cyclization.
N
H
N
H
N
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then subjected to reduction with LiAlH4 to obtain the corresponding amines. The amines 
were subsequently converted to the respective chloroamines in quantitative yields 
(Scheme 2.32). Aminyl radical precursors for 5/6 and 6/5 tandem cyclizations were 
synthesized and the respective cyclization reactions were performed by Gregory 
Rosenhauer, an undergraduate student, and Dr. Ganesh Samla following a similar 
synthetic route. These substrates were subjected to our established cyclization conditions 
with TIPS or TTMS as the H-atom donor.  
 
Results obtained for cyclizations are summarized in Table 2.33. Exclusive 
cyclization was observed when the styrenyl N-propargyl pentenyl substrate, 2.33.A was 
subjected to cyclization conditions with TTMS and TIPSH, yielding the desired cyclized 
product 2.33.E in a moderate yield of 62% and a good yield of 86% respectively. Next, in 
attempts to access 5,6-tandem cyclization, to obtain indolizidine derivatives, N-
Chloroamine substrate 2.33.B was subjected to our cyclization conditions with the 
established H-atom donor for these substrates, TTMS. Interestingly, acyclic amine 
HO
O Styrene, Grubbs II
DCM, reflux, 5 h
HO
O
Ph
(COCl)2, DMF (cat.)
CH2Cl2, 0 → 25 ºC, 45 min
Cl
O
Ph N
H
O
Ph
THF, 50 °C, 12 h
N
H
Ph
NCS
CH2Cl2, –78 → 0 ºC
N Ph
Cl
LiAlH4
n
n n
n n
m
m m
n = 1, 60% yield, 2.32.B
n = 2, 73% yield, 2.32.C
n = 1, quantitative yield, 2.32.D
n = 2, quantitative yield, 2.32.E
n = 1, m = 1, 98% yield, 2.32.F
n = 1, m = 2, 56% yield, 2.32.G
n = 2, m = 1, 98% yield, 2.32.H
n = 2, m = 2, 93% yield, 2.32.I
n = 1, m = 1, 55% yield, 2.32.J
n = 1, m = 2, 61% yield, 2.32.K
n = 2, m = 1, 40% yield, 2.32.L
n = 2, m = 2, 24% yield, 2.32.M
n = 1, m = 1, 72% yield, 2.32.N
n = 1, m = 2, quantitative yield, 2.32.O
n = 2, m = 1, quantitative yield, 2.32.P
n = 2, m = 2, quantitative yield, 2.32.Q
RNH2, Et3N
THF, 0 °C, 30 min
Scheme 2.32. Synthesis of the Styrenyl Alkyne Radical Cyclization Precursors
2.32.A
 69 
byproduct, 2.33.G was observed along with the desired cyclized product 2.33.F for this 
substrate as opposed to the observation made for N-chloroamine 2.33.A. The ratio of 
cyclized to acyclic amine was observed to be 68:32 and both the product and the 
byproduct were isolated as a combined fraction in 60% yield.  
1
Cyclization experiments by Greg Rosenhauer with the N-Chloroamine, 2.33.C to 
access 6,5 tandem cyclization resulted in exclusive cyclized product in 48% yield. 
Cyclization of the N-chloroamine 2.33.D designed to access quinolizidine derivatives via 
                                               
1 Combined yields for entries 3 and 5. 
N Ph
Cl
AIBN (0.2 equiv.)
H donor (2 equiv.)
THF (0.01 M), 100 ºC
sealed tube, 3 h
n
n
N
Ph
n
n
starting material
N Ph
Cl
H donor
(TMS)3SiH
N
Ph
N Ph
Cl
(i-Pr)3SiH
N
Ph
products
ratio (GCMS)
N Ph
Cl
N
Ph
N
Cl
Ph (TMS)3SiH
N
N
Cl
Ph (TMS)3SiH
N
Ph
Ph
N
H
Ph
2.33.E2.33.A
2.33.E2.33.A
1
entry
2
(68    :     32)
2.33.F 2.33.G
(TMS)3SiH
2.33.B
combined 
yield (%)
3
2.33.H2.33.C
4 48
57
62
86
60
(85    :     15)
2.33.I 2.33.J
5
2.34.D
NH
Ph
Table 2.33. Cyclization of the Styrenyl Alkyne Radical Cyclization Precursors
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a 6,6 cyclization resulted 85:15 ratio of cyclized 2.33.I to reduced acyclic amine 2.33.J 
upon cyclization with TTMS and was isolated in 57% combined yield.  
Generation of acyclic reduced amine with both N-chloroamines 2.33.B and 2.33.D 
is presumably due the slower 6-exo-dig  second cyclization, which may facilitate a reverse 
radical ring opening of the monocyclized radical intermediates, 2.34.C and 2.34.D 
respectively, which can lead to the respective reduced acyclic amines 2.34.G and 2.34.H  
(Scheme 2.34).  
 
Testing this hypothesis on reverse radical ring opening of 2.34.D was envisioned 
by subjecting the cis analogue of the styrenyl N-homopropargyl pentenyl amine substrate 
2.35.E to the reaction conditions. Synthesis of the cis-styrenyl homopropargyl pentenyl 
amine substrate is outlined in Scheme 2.35. Dihydropyran 2.35.A was converted to the 
alcohol 2.35.B via a ring opening of the pyran followed by a cross coupling reaction. The 
alcohol was subjected to DMP oxidation to obtain the aldehyde 2.35.C, which then was 
converted to the respective amine 2.35.D via reductive amination with homopropargyl 
amine. N-Chloroamine precursor 2.35.E was obtained by reacting the amine with NCS in 
a 79% yield. N-chloroamine 2.36.A was then exposed to our established cyclization 
N
n = 1, 2.34.A
n = 2, 2.34.B
N
N N
5-exo-trig 5-exo-dig H-atom
 abstraction
Ph
Ph
PhPh
N
Ph
NH
Ph
H-atom
 abstarction
reverse radical ring opening
n n
n n
n n
Scheme 2.34. Mechanism of 5/6 and 6/6, Cyclization of Styrenyl Alkenyl Substrates
Olefin Isomerization
Slow
n = 1, 2.34.C
n = 2, 2.34.D
n = 1, 2.34.I
n = 2, 2.34.J
n = 1, 2.34.K
n = 2, 2.34.L
n = 1, 2.34.G
n = 2, 2.34.H
n = 1, 2.34.E
n = 2, 2.34.F
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conditions with TTMS-H as the H-atom donor (Scheme 2.36). Cyclized product 2.36.A 
and reduced amine 2.36.C were isolated as a mixture in 51% combined yield. 
 
 
 
If the second exo-cyclization of 2.37.B is reversible, this can lead to the ring 
opening of the intermediate mono-cyclized benzylic radical 2.37.B subsequently yielding 
the reduced amine 2.37.D. Any isomerization of the isolated reduced amine 2.37.D would 
suggest scrambling during the reaction confirming the reversibility of the second 
cyclization step, and the anticipated reversible ring opening of the mono-cyclized benzylic 
radical 2.37.B. Interestingly, no isomerization was observed of the isolated non-cyclized 
amine 2.37.D suggesting that the second cyclization is irreversible and therefore no 
reverse ring opening of the mono-cyclized benzylic radical takes place to re-generate the 
isomerized aminyl radical 2.37.C. This suggest that the source of the reduced acyclic 
amine 2.37.D is potentially the direct H-atom abstraction by the aminyl radical 2.37.A 
generated during the first step (Scheme 2.37).  
O
NiCl2(PPh3)2, PhMgBr
Toluene, reflux
OH
DMP, CH2Cl2
O
1. Propargylamine, MeOH, 3h
2. NaBH4, 1h
H
H
N
NCS, CH2Cl2
–78→ 0 ºC
N
Cl
Scheme 2.35.  Synthesis of the cis-Methyl Ether Substrate
2.35.A 2.35.B 2.35.C
2.35.D 2.35.E
54% yield 85% yield
34% yield 79% yield
N
N
Ph
N
HPh
Cl
51% combined yield
AIBN (0.2 equiv)
TTMSH (2 equiv)
THF (0.01 M), 100 ºC
sealed tube, 3 h
2.36.A 2.36.B 2.36.C
Ph
Scheme 2.36. Cyclization of cis-Styrenyl N-homopropargyl Pentenyl Substrate
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2.3.3.2 Aminyl Radical Cyclization With Enone Substrates 
In efforts to understand the impact of different electronic environments on aminyl 
radical cyclization, introduction of a directly polarizable (electron withdrawing) substituent 
on the olefin was sought. The electron withdrawing carbonyl substituent was envisioned 
would result in low energy radical intermediates enhancing efficient cyclization.   
Synthesis of the enone N-chloroamine substrate is outlined in Scheme 2.38. The 
respective enone was selected due to its ease of preparation. Synthesis was initiated by 
converting crotonaldehyde 2.38.A to the corresponding a, b-unsaturated alcohol, 2.38.B 
with ethyl Grignard reagent at 0 ºC. Isolated alcohol 2.38.B was then subjected to cross 
metathesis with 4-pentenoic acid in the presence of Grubbs II catalyst to obtain the 
aldehyde 2.38.C. Next was performed a reductive amination with propargyl amine, on the 
unsaturated aldehyde 2.38.C to obtain the amine 2.38.D. The amine was the reacted with 
NCS followed by a single flask DMP oxidation to result in the radical cyclization precursor 
2.38.E. 
N
2.37.A
N
N N
5-exo-trig 5-exo-dig H-atom
 abstraction
PhPh
N NHH-atom
 abstarction
reverse radical ring opening
Scheme 2.37. Probing the Reversibility of the Cyclization Step of 5/6 Tandem Cyclization
Olefin Isomerization
Slow
2.37.B  2.37.E 2.37.F
2.37.D 2.37.C
Ph Ph
Ph
Ph
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The mechanism for tandem cyclization of the N-chloroamine 2.39.A is outlined in 
Scheme 2.39. The mechanism follows a similar sequence with a 5-exo-trig cyclization 
followed by a 5-exo-dig cyclization to result in the pyrrolizidine derivative 2.39.E. 
However, NMR spectroscopy of the isolated cyclized product revealed its structure to be 
2.39.F, thermodynamically more stable isomer of the expected product.  
 
Another graduate student, Heng Chen worked on tandem 6-exo-trig/5-exo-dig 
cyclizations toward indolizidine derivatives. Synthesis of the respective N-chloroamine 
substrate is outlined in Scheme 2.40. Allylic alcohol, 2.40.A was subjected to cross 
metathesis with 6-bromo-1-hexene to afford allylic alcohol 2.40.B which was then reacted 
with propargyl amine to obtain the corresponding amine 2.40.C in 70% yield. Amine 
H
O
BrMg
THF, 0 ºC OH
O
H
O
H
HO
Grubbs II
CH2Cl2, reflux
NH
HO
propargylamine
NaBH4, MeOH
N
O
1. NCS, –78 ºC, CH2Cl2
2. DMP, CH2Cl2, 0 ºC Cl
95% yield 31% yield
68% yield 64% yield
Scheme 2.38. Synthesis of the Enone N-Propargylamine Substrate
2.38.A 2.38.B 2.38.C
2.38.D 2.38.E
Scheme 2.39. Mechanism of Tandem Cyclization of Enone Substrate
N
Cl
N
N
N N
2.39.A 2.39.B 2.39.C
2.39.D 2.39.E
H• donor
AIBN, H• donor
  solvent, T ºCO O O
O O
N
O
2.39.F
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2.40.C was converted to the oxidized N-chloroamine 2.40.D over two steps in a single 
flask to generate the cyclization precursor 2.40.D in 63% yield.   
 
The optimized cyclization results for the two enone substrates are summarized in 
Table 2.41. 5-exo-trig/5-exo-dig tandem cyclization of cyclization precursor 2.41.A, with 
TTMS-H (entry 1) yielded the desired product 2.41.C in 70% yield and with TIPS-H as the 
H-atom donor an increase in the yield was observed at 87% (entry 2). Cyclization 
precursor 2.41.B, was subjected to cyclization conditions with three H-atom donors. 
Significant yields for the desired tandem cyclized product 2.41.E were not observed with 
any of the three H-atom donors. Instead, small amounts of the cyclized product, 2.41.E 
with greater amounts of the mono-cyclized product 2.41.D were observed. Observed 
reactivity can be accounted for the possible slow rate of 6-exo-trig cyclization, which 
cannot compete with H-atom transfer to form R2NH.  
With respect to the cyclization of 2.41.A, the energy barrier for cyclization of 
relatively nucleophilic aminyl radical was anticipated would be lowered when reacting with 
electron deficient olefins in comparison to non-activated olefins. However, we obtained 
similar yields with 2.41.A as had been observed with non-activated substrates discussed 
above.   
OH
Br
Grubbs II
CH2Cl2, reflux
1. NCS, –78 ºC, CH2Cl2
2. DMP, CH2Cl2, 0 → 25 ºC
Scheme 2.40. Synthesis of Enone N-propargylamine Substrate
2.40.A
Br OH
propargylamine
DIPEA, 25 ºC, DMF
OH
N
H
O
N
2.40.B
2.40.C 2.40.D
49% yield 70% yield
63% yield Cl
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 A phenyl substituted enone was next used as the aminyl radical precursor. 
Synthesis for this substrate is outlined in Scheme 2.42. Aldehyde 2.42.B, was obtained 
via cross metathesis of the allyl alcohol 2.42.A and 4-pentenal. The aldehyde 2.42.B was 
then subjected to reductive amination conditions to afford amine 2.42.C which was 
subsequently converted to chloroamine precursor 2.42.D. 
N
Cl
AIBN (0.2 equiv.)
H donor (2 equiv.)
THF (0.01 M), 100 ºC
sealed tube, 3 h
n
N
n
starting material
N
Cl
N
N
2.41.C2.41.A
2.41.A
1
entry
2
2.41.B
3
O
Et
O
Et
O
Et
O
Et
O
Et
N
Cl
O
Et
H donor
(TMS)3SiH
(i-Pr)3SiH
(TMS)3SiHN
Cl
O
Et
N
Et
O
2.41.D
product(s)
ratio (GCMS)
2.41.B
N
Cl
O
Et (i-Pr)3SiH
N
Et
O
2.41.E
N
Et
O
2.41.D
(4         :         96)
2.41.B
N
Cl
O
Et Bu3SnH
N
Et
O
2.41.E
N
Et
O
2.41.D
4
(24         :         76)
5a ---
---
70 %
87 %
33 %
isolated
yield
Table 2.41. Tandem Cyclization of Enone Substrates
2.41.C
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Subjecting the N-chloroamine precursor 2.42.E to the cyclization conditions did not 
yield the desired product even in trace amounts as observed by NMR spectroscopy, but 
resulted in a complex mixture (Scheme 2.43).  
 
2.3.3.3 Radical Cyclization of Methyl Ether Substrate  
We were able to establish our hypothesis that an a, b unsaturated ketone facilitates 
the N-centered radical cyclization via polarization. This was observed and demonstrated 
with evidence with regard to the simple enone substrate 2.41.A and the N-chloroamine 
utilized during the natural product synthesis 2.9.A. To test this hypothesis, alcohol 2.44.A 
was synthesized and subjected to optimized cyclization conditions (Scheme 2.44). 
Desired cyclization product was not observed for this cyclization and only the N–Cl 
reduction product 2.44.C was observed. This observation is suggestive of the importance 
of the polarization provided by the a, b-unsaturated ketone in 6-exo-initiated reactions. 
O
N
HO
NH
Cl
Grubbs II
DCM, reflux
CHOOH
CHO
OHPh
2.42.B 2.42.C43% yield
1. NCS, –78 ºC, CH2Cl2
2. DMP, CH2Cl2
94% yield 42% yield2.42.D 2.42.E
Scheme 2.42. Synthesis of Styrenyl Enone N-propargylamine Substrate
H
O MgBrPh
THF, 0 ºC
(94% yield)2.42.A
Propargylamine
NaHB(OAc)3, DCE
O
N
Cl
AIBN (0.2 equiv)
TTMSH (2 equiv)
THF (0.01 M), 100 ºC
sealed vessel, 3h
Scheme 2.43. 5/5 Tandem Cyclization of Phenyl Enone Substrate
2.43.A
Complex mixture
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Investigation of the reactivity of an a, b-unsaturated methyl ether with a structurally 
simple molecule was sought to examine if similar reactivity will be observed in a 5-exo 
process. The synthesis of the substrate is outlined in Scheme 2.45. 
5-bromo-1-pentene 2.45.A was reacted with allyl alcohol 2.45.B in a cross 
metathesis reaction to obtain the methyl ether 2.45.C. This was then reacted with 
propargyl amine to generate the corresponding amine, 2.45.D in 79% yield. Chlorination 
with NCS resulted the N-chloroamine 2.45.E from the amine 2.45.D . 
 
Interestingly, performing cyclization on N-chloroamine 2.46.A resulted in exclusive 
cyclization resulting in the desired product in 84% yield (Scheme 2.46). This reaction 
outcome was unexpected as similar reactivity to that of 2.44.A Scheme 2.44 was 
expected. The reactivity difference observed for 2.44.A and 2.46.A was hypothesized 
could be due to the different ring systems resulted in the cyclization. That is, with regard 
to 2.44.A, it is a 6-exo-trig/5-exo-dig cyclization forming fused 6 membered and 5 
Me
OH
Me
N
H
AIBN, Bu3SnH
PhMe, 80 ºC
OH
Me
N
Me
H
Cl
Scheme 2.44. Unsuccessful NCR Cyclization with Allylic Alcohol
no cyclization
product observed
2.44.A 2.44.B
Me
O
Me
HN
H
isolated
2.44.C
Br
O Br
O
Grubbs catalyst C827
CH2Cl2, reflux, 20 h
N
H
O
NH2
Hünig’s base, DMF
67 h
N
OCl
NCS, –78 ºC
CH2Cl2
34% yield
79% yield
Scheme 2.45.  Synthesis of the Methyl Ether Substrate
58% yield
2.45.A 2.45.B 2.45.C
2.45.E2.45.D
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membered rings, respectively. For the radical cyclization precursor 2.46.A, it is a 5,5 
cyclization via 5-exo-trig/5-exo-dig tandem cyclization. Since the formation of the 6 
membered ring via 6-exo-trig cyclization is slower than a 5-exo-trig cyclization, overall 
reactivity of substrate 2.44.A, could be hindered significantly in comparison to 2.46.A, 
resulting in no conversion.  
 
To test this hypothesis, exploration of the reactivity of the methyl ether substrate 
was sought with a longer carbon chain to test if a 6/5 cyclization can be achieved with a 
similar substrate. Synthesis was conducted via a similar route as outlined in Scheme 2.47. 
Cross metathesis of 6-bromo-hexene 2.47.A with allylic alcohol 2.47.B yielded the methyl 
ether 2.47.C in 32% yield. Methyl ether 2.47.C was then reacted with propargyl amine to 
obtain the amine 2.47.D. Chlorination with NCS resulted the N-chloroamine 2.47.E from 
the amine. Upon exposing to cyclization conditions, N-chloroamine 2.47.E did not result 
in significant cyclization and the reduced acyclic amine 2.48.B was obtained as the major 
product (Scheme 2.48). This observation explains the reactivity difference obtained for 
the different ring systems containing a methyl ether substituents and also confirms that 
an a, b-unsaturated ketone is important for the desired reactivity of 6-exo initiated 
cyclizations.  
O
Scheme 2.46.  NCR Cyclization with Methyl Ether Substrate
N
OCl
2.46.A 84% yield 2.46.B
AIBN (0.2 equiv)
TIPSH (2 equiv)
THF (0.01 M), 100 ºC
sealed vessel, 3 h
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2.3.3.4 Other Substrates-Aniline Substrate 
In addition to the discussed cyclizations with the corresponding substrates that 
assisted in understanding the impact of electronic environment on aminyl radical 
cyclization, focus was also placed on expanding the substrate scope to access various 
other heterocyclic scaffolds that can serve as important intermediates in accessing 
heterocyclic ring systems in natural product synthesis. Attempts were made to access N-
chloroamines of aniline, benzylic and homo-benzylic amines. However, the synthesis of 
the aminyl radical precursors for all these substrates were not as feasible due to various 
reasons. Attempted synthesis of the aniline substrate in outlined in Scheme 2.49.  
Synthesis was designed to begin from N-allylaniline, 2.49.A via an amino Claisen 
rearrangement35 to result in the o-allyl aniline 2.49.B in 56% yield. Next was performed 
an amine protection with di-tert-butyl dicarbonate36 in quantitative yield to access aniline 
derivative 2.49.C. Protected aniline was then subjected to cross metathesis with styrene 
to obtain 2.49.D. However, many attempts to chlorinate the amine, 2.49.E to access the 
O
O
Grubbs catalyst C827
CH2Cl2, reflux, 20 h
O
NH2
Hünig’s base, DMF
 67 h
O
N
NCS, –78 ºC
CH2Cl2
32 % yield
56 % yield
Scheme 2.47.  Synthesis of the Methyl Ether Substrate for 6/5 Cyclization
45 % yield
2.47.A 2.47.B 2.47.C
2.47.E2.47.D
Br
Br
H
N
Cl
Scheme 2.48.  NCR Cyclization with Methyl Ether Substrate to Achieve 6/5 Cyclization
N
Cl O
AIBN (0.2 equiv)
TIPSH (2 equiv)
THF (0.01 M), 100 ºC
sealed vessel, 3 h
2.48.A 2.48.B
HN O
42% yield
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N-chloroamine precursor were not successful. The observed reactivity can be accounted 
for by the electron deficiency of the N atom via delocalization of the electrons in non-
bonding orbitals into the benzene ring in comparison to the nucleophilicity of N of the 
other cyclization precursors. A similar reaction outcome was observed when alternative 
aminyl radical precursors were employed in place of N-chloroamines, possibly owed to 
the same reason. Since the precursor molecule was not synthesized successfully, radical 
cyclization to access a tricyclic ring system was not performed on this substrate. If the 
synthesis of the cyclization precursor can be optimized to obtain the desired product, that 
could be a useful synthon to access fused tricyclic ring system via tandem cyclization.  
 
Benzylic Amine Substrate  
Synthesis of the benzylic amine substrate was initiated with commercially available 
2-carboxybenzaldehyde 2.50.A which was converted to styrene derivative acid, 2.50.B 
via a Wittig reaction in high yield. Next, amidation of acyl chloride 2.50.C led to the 
corresponding amide 2.50.D in 72% yield over two steps. Attempts to reduce the amide 
H
N
NH2
BF3•OEt2, xylene
   145 ºC, 21 h N
Boc
H
THF, reflux
NH
Boc
cis-phenyl propene
Grubbs II, CH2Cl2
NCS, –78 ºC
N
H
N
Cl
TFA, CH2Cl2
Scheme 2.49. Synthetic Route for Aniline Substrate
2.49.F
2.49.E
CH2Cl2
(56% yield) (> 98% yield)
(98% yield)(87% yield)
NH2
DMF
Br
(38% yield)
K2CO3
2.49.A 2.49.B 2.49.C
2.49.E
2.49.G
O O O
O O
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to the amine 2.50.E were not successful in yielding the desired product as over reduction 
was encountered with LAH as confirmed by NMR spectroscopy. Therefore, the precursor 
molecule was not accessed successfully in order to perform cyclization to access the 
desired tricyclic ring system (Scheme 2.50).  
 
Homo-benzylic Amine Substrate  
The homobenzylic substrate was proposed could be accessed via the 
commercially available homopthallic acid, 2.51.A as illustrated in Scheme 2.51.  
 
Successful conversion of the homopthallic acid to the diol 2.51.B was 
accomplished in very good yield. The diol 2.51.B was then converted to the lactone 2.51.C 
H
O
O
OH
O
OH KtBuO, THF
Cl
O
  (COCl)2,CH2Cl2
cat. DMF, 0 ºC
H
N
O
propargylamine
Et3N, DCM
H
N
–78 ºC, NCS
CH2Cl2 N
Scheme 2.50. Synthetic Route for Benzylic Substrate
2.50.A 2.50.B 2.50.C
2.50.D 2.50.E 2.50.F
MePPh3Br
(54% yield) (72% yield)
over two steps
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with a 93% yield. However, the next step was not successful in yielding the desired lactol, 
and hence this substrate was not carried forward for cyclization.  
2.4 Summary  
Tandem Radical cyclization was performed on stereochemically unbiased systems 
with different electronic environments to evaluate differences in reactivity upon electronic 
biases. Radical reactivity was utilized in attempts to understand the electronic biases on 
aminyl radical cyclization and to establish methods to access structurally different 
nitrogen containing natural product frameworks. Chapter 2 elaborates on reaction 
conditions established to achieve enhanced reactivity for aminyl radical cyclizations 
avoiding slow addition as well as unnecessary formation of the reduction product. Several 
representative heterocyclic systems with different electronic environments were achieved 
using these conditions. Altering the electronic environment of the aminyl radical 
precursors were observed to have no significant impact on the 5-exo cyclization outcome 
as similar yields were obtained for substrates with different electronics. But for 6-exo 
initiated cyclizations activated olefinic substrates were required to obtain the desired 
cyclized product. The established radical cyclization conditions hold the potential to be 
further optimized to provide as an alternative method to access various complex 
heterocyclic ring systems that may be otherwise challenging to synthesize. 
2.5 Materials and Methods 
General Information. Unless otherwise specified, all commercially available reagents 
were purchased from Sigma-Aldrich, Oakwood, or Alfa aesar and used without further 
purification. Grubbs’ catalysts for all metathesis reactions were generously provided by 
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Materia. Anhydrous Et2O, PhMe, n-hexane, MeCN, DMF, DMSO, CH2Cl2 were purchased 
from Fisher, THF was purchased from EMD, and PhH was purchased from Sigma-
Aldrich. These solvents were passed through a commercial solvent purification system (2 
columns of alumina) and used without further drying. Triethylamine, diisopropylamine, 
pyridine, and Hünig’s base were distilled over CaH2 immediately prior to use. Unless 
otherwise noted, all reactions were performed in flame-dried glassware under 1 atm of 
pre-purified anhydrous N2 or argon gas at ambient temperature (24 ± 1 ºC). 1H NMR 
spectra and 13C NMR spectra were recorded on a Varian Mercury-400 MHz or a Varian 
VNMRS-500MHz spectrometer with a multinuclear broadband probe at ambient 
temperature unless otherwise stated. Chemical shifts are reported in parts per million 
relative to residual solvent peaks (as established by Stoltz, et. al. in Organometallics 
2010, 29, 2176).37 All 13C spectra are recorded with complete proton decoupling. High-
resolution mass spectral analyses were performed by the Lumigen Instrument Center, 
Wayne State University. All purifications were performed on SiliaFlash® P60 40-63µm 
(230-400 mesh) 60Å Irregular Silica Gels (cat. # R12030B) or on a Biotage Isolera IV 
flash purification system using SNAP cartridges (cat. # FSKO-1107-XXXX). Thin layer 
chromatography was performed using glass-backed SiliaPlate™ TLC Plates (cat. # TLG-
R10011B-323) cut to the desired size then visualized with short-wave UV lamps and 
KMnO4, CAM (Hanessian’s stain; Cerium Ammonium Molybdate stain), PMA 
(Phosphomolybdic acid stain), or Anisaldehyde stains prepared according to standard 
recipes. All yields refer to chromatographically and spectroscopically pure products. IR 
data was obtained on a Varian/Digilab Excalibur 3100 High Resolution FT-IR, and optical 
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rotation data was collected on a Perkin-Elmer 341 automated Polarimeter at the 
concentration noted. 
2.6 Preparation of Compounds 
 
N-allylpent-4-enamide 2.21.B. To a cooled solution of 5-pentenoic acid (2.21.A) (3.00 g, 
29.9 mmol) in dichloromethane (100.0 mL) was added (COCl)2 (5.14 mL, 59.9 mmol, 2.0 
equiv) followed by DMF (2.30 µL, 0.0300 mmol, 0.001 equiv). The reaction mixture was 
then warmed up to ambient temperature and was stirred for 1 hr. Upon completion, the 
solvent was removed under reduced pressure and the product was obtained as a 
colorless oil. To a cooled (0 ºC) solution of the crude material (4.17 g, 29.9 mmol) in 
dichloromethane (100.0 mL) was added allyl amine (2.90 mL, 38.9 mmol, 1.3 equiv) 
followed by Et3N (5.40 mL, 38.9 mmol, 1.3 equiv). The reaction was then brought to 
ambient temperature and was stirred for 6 hours. The reaction was quenched with water 
(50 mL) and the aqueous layer was extracted with EtOAc (3 x 50 mL). The combined 
organic layers were dried with Na2SO4. The solvent was removed under reduced 
pressure and the orange crude was purified by column chromatography eluted with 30% 
EtOAc/hexanes. Product 2.21.B was isolated as a yellow solid (3.12 g, 75% yield) Rf = 
0.35 (30% EtOAc/hexanes). Spectral data matches the reported data.38  
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N-Allylpent-4-en-1-amine 2.21.C. To a cooled suspension (0 ºC) of LiAlH4 (1.40 g, 37.9 
mmol, 2.5 equiv) in THF (55.8 mL) was added the amide 2.21.B (2.11 g, 15.2 mmol) in 
THF (20 mL) under argon. The reaction was allowed to warm to ambient temperature and 
was run under argon for 12 h. Upon completion, the reaction was cooled to 0 ºC and water 
(30 mL) was added followed by Rochelle salt (potassium sodium tartrate) (50 mL). The 
aqueous layer was extracted with EtOAc (60 mL X 3). The combined organic layers were 
dried with Na2SO4 and concentrated under reduced pressure. Crude product was purified 
by column chromatography (40% EtOAc/hexanes/1% Et3N). 2.21.C was isolated as a 
yellow oil (1.42 g, 75% yield) yield. Rf = 0.3 (5% MeOH/DCM). Spectral data matches the 
reported data. 39  
 
N-Allyl-N-chloropent-4-en-1-amine 2.21.D. To a cooled (–78 °C) solution of the amine 
2.21.C (185.0 mg, 1.477 mmol) in dichloromethane (5.9 mL) was added N-
chlorosuccinimide (217.01 mg, 1.625 mmol, 1.1 equiv). The reaction mixture was warmed 
up to 0 °C, over 2 hours. The reaction was diluted with hexanes (15 mL) and passed 
through a plug of silica (15 x 2.5 cm). Product 2.21.D was eluted with 5% EtOAc/Hexanes 
as a colorless oil (195.4 mg, 83%). Rf = 0.6 (5% EtOAc/Hex). 1H NMR (400 MHz, CDCl3) 
d 5.99–5.89 (ddt, J = 16.80, 10.28, 6.42 Hz, 1H, C7), 5.80 (ddt, J = 16.92, 10.18, 6.64 Hz, 
1H, C2), 5.26 (m, 2H, C1), 5.00 (m, 2H, C8), 3.59 (dt, J = 6.38, 1.31 Hz, 2H, C3), 2.91 (m, 
2H, C4), 2.11 (tdd, J = 8.04, 6.10, 1.45 Hz, 2H, C6), 1.77 (p, J = 7.39 Hz, 2H. C5); 13C 
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NMR (101 MHz, CDCl3) d 138.01 (C7), 133.65 (C2), 119.18 (C1), 115.01 (C8), 66.90 (C3), 
62.34 (C4), 30.76 (C6), 26.94 (C5). 
 
2-methylhexahydro-1H-pyrrolizine 2.23.C. To a flame-dried microwave tube under 
argon was added the chloroamine 2.21.D (29.0 mg, 0.182 mmol) and AIBN (6.00 mg, 
0.0360 mmol, 0.2 equiv) in THF (20.3 mL). Then was added TTMS-H (112 µL, 0.365 
mmol, 2.0 equiv) to the reaction solution. The microwave tube was sealed and, and the 
reaction tube was dipped in a hot oil bath (100 ºC) and stirred for 3 h. Upon completion 
the reaction was brought to ambient temperature and solvent was removed under 
reduced pressure and was purified by column chromatograph. A mixture of mono-and 
diastereomers of tandem cyclized products was isolated. Rf = 0.3 (10% MeOH/DCM).  
 
(E)-5-phenylpent-4-enoic acid 2.24.B. 4-pentenoic acid 2.24.A (0.500 g, 4.99 mmol, 1.0 
equiv), and styrene (1.145 mL, 9.995 mmol, 2.0 equiv) with Grubbs II catalyst (0.085 g, 
0.10 mmol, 0.02 equiv) in CH2Cl2 was heated to reflux for 12 h. Upon completion the 
reaction mixture was cooled to ambient temperature and solvent was removed under 
reduced pressure. The dark green solid crude was dissolved in EtOAc (17 mL) and 
extracted with NaHCO3 (3 x 34 mL). Combined aqueous layer was acidified to pH 1 with 
10% HCl and then extracted with EtOAc (2 x 150 mL). The combined organic extract was 
washed with brine and dried over MgSO4. The solvent was removed under reduced 
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pressure to afford the product 2.24.B as a pale yellow solid (0.53 g, 60% yield). Spectral 
data matches reported spectra.40 
 
(E)-N-allyl-5-phenylpent-4-enamide 2.24.D. To a cooled solution of (E)-5-phenylpent-4-
enoic acid 2.24.B (0.731 g, 4.15 mmol) in dichloromethane (13.8 mL) was added (COCl)2 
(0.712 mL, 8.29 mmol, 2.0 equiv) followed by DMF (3 µL, 0.04 mmol). The reaction 
mixture was then warmed up to ambient temperature and was stirred for 1 h. Upon 
completion, the solvent was removed under reduced pressure and the product was 
obtained as a colorless oil. To a cooled (0 ºC) solution of the crude material in 
dichloromethane (13.8 mL) was added allyl amine (405 µL, 5.39 mmol, 1.3 equiv) drop 
wise followed by Et3N (752 µL, 5.39 mmol, 1.3 equiv). The reaction was then brought to 
ambient temperature and was stirred for 6 hours. The reaction was quenched with water 
(25 mL) and the aqueous layer was extracted with EtOAc (3 x 20 mL). The combined 
organic layers were dried with Na2SO4. The solvent was removed under reduced pressure 
and the orange crude was purified by column chromatography eluted with 30% 
EtOAc/hexanes. Product 2.24.D was isolated as a yellow solid (0.695 g, 78% yield) Rf = 
0.25 (30% EtOAc/hexanes). Spectral data matches the reported characterization data.41  
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(E)-N-Allyl-5-phenylpent-4-en-1-amine 2.24.E. To a cooled suspension (0 ºC) of the 
amide (E)-N-allyl-5-phenylpent-4-enamide 2.24.D (0.564 g, 2.62 mmol) in THF (13.1 mL) 
was added LiAlH4 (0.243 g, 6.55 mmol, 2.5 equiv) and the reaction was heated to 40 ºC 
and stirred for 19 h. The reaction was cooled to 0 ºC and water (5 mL) was added followed 
by Rochelle salt (potassium sodium tartrate) (15 mL). The reaction mixture was vigorously 
stirred at ambient temperature for 20 min. The aqueous layer was extracted with CH2Cl2 
(5 x 15 mL). The combined organic layers were washed with brine and dried with Na2SO4 
and concentrated under reduced pressure. Crude product 2.24.E was purified by column 
chromatography ((MeOH/CH2Cl2, 0% to 10%) to isolate the product as a yellow oil (0.133 
g, 25% yield). Rf = 0.25 (5% MeOH/DCM). Spectral data matches the reported 
characterization data.41  
 
(E)-N-Allyl-N-chloro-5-phenylpent-4-en-1-amine 2.24.F. To a cooled (–78 °C) solution 
of the amine (E)-N-allyl-5-phenylpent-4-en-1-amine 2.24.E (129 mg, 0.641 mmol) in 
dichloromethane (2.6 mL) was added N-chlorosuccinimide (129 mg, 0.705 mmol, 1.1 
equiv). The reaction mixture was warmed up to 0 °C, over 3 hours. The reaction was 
diluted with hexanes (15 mL) and passed through a plug of silica (15 x 2.5 cm). Product 
2.24.F was eluted with 5% Et2O/pentane as a colorless oil (82.0 mg, 54%). Rf = 0.6 (5% 
EtOAc/Hexanes). 1H NMR (400 MHz, CDCl3) d 7.34 (m, 4H, C10, C11, C13, C14), 7.22 (m, 
1H, C12), 6.43 (dt, J = 15.67, 1.51 Hz, 1H, C8), 6.23 (dt, J = 15.85, 6.87 Hz, 1H, C7), 5.97 
(ddt, J = 16.78, 10.27, 6.42 Hz, 1H, C2), 5.28 (m, 2H, C1), 3.63 (dt, J = 6.48, 1.36 Hz, 2H, 
N
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C3), 2.98 (dd, J = 7.80, 6.20 Hz, 2H, C4), 2.30 (td, J = 8.28, 7.66, 6.27 Hz, 2H, C6), 1.88 
(p, J = 7.27 Hz, 2H, C5); 13C NMR (101 MHz, CDCl3) d 137.7 (C9), 133.7 (C2), 130.5 (C8), 
129.9 (C7), 128.5 (C11, C13), 127.0 (C12), 126.0 (C10, C14), 119.3 (C1). 
 
N-(prop-2-yn-1-yl)pent-4-enamide 2.27.B. To a cooled solution of 5-pentenoic acid 
2.27.A (4.00 g, 39.9 mmol) in dichloromethane (133 mL) was added (COCl)2 (6.76 mL, 
79.9 mmol) followed by DMF (3 µL, 0.04 mmol). The reaction mixture was then warmed 
to ambient temperature and was stirred for 1 h. Upon completion, the solvent was 
removed under reduced pressure and the product was obtained as a colorless oil. To a 
cooled (0 ºC) solution of the crude material (4.73 g, 39.9 mmol) in dichloromethane (133 
mL) was added propargyl amine (3.30 mL, 51.9 mmol) drop wise followed by Et3N (7.20 
mL, 51.9 mmol). The reaction was then brought to r.t. and was stirred for 6 hours. The 
reaction was quenched with water (50 mL) and the aqueous layer was extracted with 
EtOAc (3 x 50 mL). The combined organic layers were dried with Na2SO4. The solvent 
was removed under reduced pressure and the orange crude was purified by column 
chromatography eluted with 30% EtOAc/hexanes. Product 2.27.C was isolated as a 
yellow solid (5.0 g, 91% yield) Rf = 0.35 (30% EtOAc/hexanes). 1H NMR (400 MHz, CDCl3) 
d 5.98 (s, 1H, N), 5.87 – 5.75 (ddt, J = 16.8, 10.22, 6.46 Hz, 1H, C7), 5.05 – 5.01 (m, 1H, 
C8), 4.99 (m, 1H, C8), 4.03, (d, J = 5.24, 2.56 Hz, 2H, C3 ), 2.37 (m, J = 14.3, 3.8, 2.3 Hz, 
2H, C5), 2.30 (m, 2H, C6), 2.21 (td, J = 2.56, 0.73 Hz, 1H, C1); 13C NMR (101 MHz, CDCl3) 
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d 172.0 (C4), 136.8 (C7), 115.7 (C8), 79.6 (C1), 71.5 (C2), 35.5 (C5), 29.4 (C3), 29.1 (C6). 
Spectral data matches the reported characterization data.42 
 
N-(prop-2-yn-1-yl)pent-4-en-1-amine 2.27.C. To a cooled suspension (0 ºC) of LiAlH4 
(2.00 g, 54.8 mmol) in Et2O (50 mL) was added the amide 2.27.B (19.0 mg, 13.7 mmol) 
in Et2O (69 mL) under argon. The reaction was allowed to warm to ambient temperature 
and was run under argon for 12 h. Upon completion, the reaction was cooled to 0 ºC and 
water (30 mL) was added followed by Rochelle salt (potassium sodium tartrate) (50 mL). 
The aqueous layer was extracted with EtOAc (60 mL x 3). The combined organic layers 
were dried with Na2SO4 and concentrated under reduced pressure. Crude product was 
purified by column chromatography (40% EtOAc/hexanes/1% Et3N). 2.27.C was isolated 
as a yellow oil (1.2 g, 70% yield). Rf = 0.5 (5% MeOH/DCM). 1H NMR (400 MHz, CDCl3) 
d 5.85 – 5.75 (ddt, J = 16.92, 10.16, 6.66 Hz, 1H, C7), 5.01 (dq, J = 17.12, 1.54 Hz, 1H, 
C8), 4.94 (m, 1H, C8), 3.40 (d, J = 2.41 Hz,  2H, C3), 2.68 (t, J = 7.24 Hz, 2H, C4), 2.19 (t, 
J = 2.42 Hz, 1H, C1), 2.10 (q, J = 6.91 Hz, 2H, C6), 1.57 (p, J = 7.36 Hz, 2H, C5); 13C NMR 
d (101 MHz, CDCl3) d 138.3 (C7), 114.7 (C8), 82.3 (C2), 71.2 (C1), 48.1 (C4), 38.1 (C3), 
31.4 (C6), 28.96 (C5). Spectral data matches the reported characterization data.43 
 
N-Chloro-N-(prop-2-yn-1-yl)pent-4-en-1-amine 2.27.D. To a cooled (–78 °C) solution 
of the amine 2.27.C (200 mg, 1.62 mmol) in dichloromethane (8.1 mL) was added N-
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Chlorosuccinimide (238.4 mg, 1.786 mmol). The reaction mixture was warmed up to 0 
°C, over 2 hours. The reaction was diluted with hexanes (15 mL) and passed through a 
plug of silica (15 x 2.5 cm). Product was eluted with 5% Et2O/hexanes as a colorless oil 
(239 mg, 93% yield). Rf = 0.5 (5% EtOAc/hexanes). 1H NMR (400 MHz, CDCl3) d 5.86 – 
5. 76 (ddt, J = 16.90, 10.21, 6.66 Hz, 1H, C7), 5.04 (dq, J = 17.13, 1.57 Hz, 1H, C8), 4.98 
(m, 1H, C8), 3.82 (d, J = 2.38 Hz, 2H, C3), 3.00 (m, 2H, C4), 2.41 (t, J = 2.38 Hz, 1H, C1), 
2.13 (q, J = 6.84 Hz, 2H. C6), 1.74 (m, 2H, C5); 13C NMR (101 MHz, CDCl3) d 137.8 (C7), 
115.2 (C8), 74.7(C1), 61.3 (C3), 52.6 (C4), 30.7 (C6), 27.0 (C5). 
 
2-methylenehexahydro-1H-pyrrolizine 2.29.B. To a flame-dried microwave tube under 
argon was added the chloroamine 2.29.A (35.0 mg, 0.222 mmol) and AIBN (7.3 mg, 0.044 
mmol) in THF (24.7 mL). Then was added TIPS (91.0 µL, 0.444 mmol to the reaction 
solution. The microwave tube was sealed and, and the reaction tube was dipped in a hot 
oil bath (100 ºC) and stirred for 3 h. CAUTION: REACTIONS UNDER PRESSURE 
SHOULD BE HANDLED IN A FUME HOOD BEHIND A BLAST SHIELD. Upon 
completion the reaction was brought to ambient temperature and the solvent was  
removed under reduced pressure and was purified by column chromatograph. Product 
was eluted with 10% (MeOH/DCM) to obtain product as an orange oil (23.5 mg, 87% 
yield). Rf = 0.3 (10% MeOH/DCM). 1H NMR (400 MHz, CDCl3) d 5.19 (m, 2H, C1), 4.37 
(m, 1H, C3 ), 4.22 (m, 1H, C3), 3.82 (dt, J = 11.72, 5.91 Hz, 1H, C4), 3.48 (dq, J = 14.77, 
1.59 Hz, 1H, C7), 2.93 (m, 1H, C4), 2.84 (dt, J = 11.52, 7.96 Hz, 1H, C8), 2.36 (m, 2H, C8, 
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C6), 2.09 (tt, J = 8.00, 5.36 Hz, 2H, C5), 1.70 (dq, J = 13.24, 7.77 Hz, 1H, C6); 13C NMR 
(101 MHz, CDCl3) d 139.9 (C2), 112.6 (C1), 66.3 (C3), 57.4 (C7), 54.9 (C4), 36.5 (C8), 31.3 
(C6), 25.0 (C5). HRMS [M+H+] m/z ES calc’d for [C8H14N]+: 124.1121; observed: 124.115; 
IR 3426, 3024, 2924, 2878, 2816, 2692, 2531, 2484, 1605, 1458, 1265, 1034, 910, 735 
cm-1. 
 
 
(E)-5-phenyl-N-(prop-2-yn-1-yl)pent-4-enamide 2.31.F. To a cooled solution of the acid 
2.31.B  (0.5254 g, 2.984 mmol) in dichloromethane was added (COCl)2 (0.5123 mL, 5.968 
mmol, 2.0 equiv) followed by DMF (2.2 µL, 0.03 mmol). The reaction mixture was then 
warmed to ambient temperature and was stirred for 1 h. Upon completion, the solvent 
was removed under reduced pressure and the product was obtained as a green oil. To a 
cooled (0 ºC) solution of the crude material in THF (11 mL) was added propargyl amine 
(0.287 mL, 4.32 mmol, 1.3 equiv) drop wise using a 500 µL micro syringe followed by 
Et3N (0.60 mL, 4.3 mmol, 1.3 equiv). The reaction was stirred for 30 min. The reaction 
was quenched with water and the aqueous layer was extracted with EtOAc (3 x 10 mL). 
The combined organic layers were washed with brine and dried over MgSO4. The solvent 
was removed under reduced pressure and the crude material was purified by column 
chromatography (EtOAc/hexanes, 20% to 80%) to afford the product 2.32.F as a yellow 
solid (0.69 g, 98% yield). 1H NMR (400 MHz, CDCl3) d 7.35 – 7.30 (m, 4H, C7, C8, C10, C11), 
7.24 – 7.18 (m, 1H, C9), 6.44 (d, J = 15.83, 1 H, C5), 6.20 (dt, J = 15.80, 6.88 Hz, 1H, C4), 
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5.80 (s, 1H, N), 4.06 (dd, J = 5.24, 2.53 Hz, 2H, C12), 2.56 (q, J = 7.39 Hz, 2H, C3), 2.37 
(t, J = 2.77 Hz, 2H, C2), 2.20 (s, 1H, C14).; 13C NMR (400 MHz, CDCl3) d 171.8 (C1), 137.3 
(C6), 131.2 (C7, C11), 128.5 (C4), 127.2 (C8, C10), 126.1 (C5), 79.5 (C13), 71.6 (C14), 36.0 
(C2), 29.2 (C3), 28.8 (C12); HRMS [M+H+] m/z ES calc’d for [C14H16NO]+: 214.1226; 
observed: 214.1222; IR (neat) 3293, 3029, 2921, 1634, 1542, 966, 690 cm-1.  
 
(E)-5-phenyl-N-(prop-2-yn-1-yl)pent-4-en-1-amine 2.32.J. To a cooled suspension (0 
ºC) of the amide 2.32.F (0.300 g, 1.40 mmol) in THF ( 7.0 mL) was added LiAlH4 (0.1297 
g, 3.500 mmol, 2.5 equiv) and the reaction was heated to 50 ºC and stirred for 12 h. Upon 
completion, the reaction was cooled to 0 ºC and water (5 mL) was added followed by 
Rochelle salt. (potassium sodium tartrate) (15 mL) The reaction mixture was vigorously 
stirred at ambient temperature for 20 minutes. The aqueous layer was extracted with 
EtOAc (3 x 15 mL). The combined organic layers were washed with brine and dried with 
MgSO4 and concentrated under reduced pressure.  Crude product was purified by column 
chromatography (EtOAc/hexanes containing 1% triethylamine, 5% to 25%) to isolate the 
product 2.32.J as a yellow oil (0.152 g, 55% yield). Rf = 0.5 (5% MeOH/DCM). 1H NMR 
(400 MHz, CDCl3) d 7.36 – 7.31 (m, 4H, C7, C8, C10, C11), 7.25 – 7.17 (m, 1H, C9), 6.41 (d, 
J = 15.82 Hz, 1 H, C5), 6.22 (dt, J = 15.84, 6.85 Hz, 1H, C4), 3.44 (d, J = 2.44 Hz, 2H, 
C12), 2.75 (t, J = 7.19 Hz, 2H, C1), 2.28 (q, J = 7.38 Hz, 2H, C3), 2.21 (t, J = 2.45 Hz, 1H, 
C14), 1.67 (p, J = 7.29 Hz, 2H, C2), 1.36 (s, 1H, N);13C NMR (400 MHz, CDCl3) d 137.7 
(C6), 130.2 (C7, C8, C10, C11), 128.5 (C4) , 126.9 (C9), 125.9 (C5), 82.3 (C14), 71.2 (C15), 
H
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48.2 (C1), 38.2 (C12) , 30.7 (C3), 29.5 (C2); HRMS [M+H+] m/z ES calc’d for [C14H18N]+: 
200.1434; observed: 200.1429; IR (neat) 3306, 2931, 2851, 1449, 1125, 964, 741, 692, 
630 cm-1.  
 
2-Methylene-1-phenylhexahydro-1H-pyrrolizine 2.33.B. To a cooled (–78 °C) solution 
of the amine 2.32.J (199 mg, 1.00 mmol) in dichloromethane (1.5 mL) was added N-
chlorosuccinimide (147 mg, 1.10 mmol, 1.1 equiv). The reaction mixture was warmed up 
to 0 °C and stirred for 1 hour. The reaction was diluted with hexanes (15 mL) and passed 
through a plug of silica (15 x 2.5 cm). Product was eluted with 5% Et2O/hexanes as a 
colorless oil (168.0 mg, 72% yield). To a flame-dried microwave tube under argon was 
added the half of the chloroamine 2.31.N (46.62 mg) and AIBN (7 mg, 0.04 mmol, 0.2 
equiv) in THF (15.0 mL mL). Then was added TIPSH (205.7 µL, 0.4 mmol, 2.0 equiv) to 
the reaction solution. The microwave tube was sealed and, and the reaction tube was 
dipped in a hot oil bath (100 ºC) and stirred for 3 h. CAUTION: REACTIONS UNDER 
PRESSURE SHOULD BE HANDLED IN A FUME HOOD BEHIND A BLAST SHIELD. 
Upon completion the reaction brought to ambient temperature and the solvent was 
removed under reduced pressure and the crude product was purified by column 
chromatograph. The crude was purified on neutral alumina (MeOH/CH2Cl2, 4%) to obtain 
a yellow oil 2.33.B (34.1 mg, 86% yield). Rf = 0.3 (10% MeOH/DCM). 1H NMR (400 MHz, 
CDCl3) d 7.38 – 7.13 (m, 5H, C7, C8, C9, C10, C11), 5.01 (d, J = 2.3 Hz, 1H, C14), 4.60 (q, J 
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= 2.2 Hz, 1H, C14), 3.92 (dd, J = 15.2, 1.7 Hz, 1H, C12), 3.60 – 3.53 (m, 1H, C4), 3.52 (d, 
J = 15.8 Hz, 1H, C12), 3.33 (d, J = 8.7 Hz, 1H, C5), 3.15 (tt, J = 7.6, 4.1 Hz, 1H, C1), 2.74 
– 2.60 (m, 1H, C1), 2.07 – 1.82 (m, 3H, C2, C3), 1.72 (tt, J = 7.8, 4.1 Hz, 1H, C3); 13C NMR 
(400 MHz, CDCl3) d 155.3 (C13), 141.8 (C6), 128.7 (C8, C10), 128.5(C7, C11), 126.5 (C9), 
106.9 (C14), 73.8 (C4), 59.5 (C12), 56.0 (C1), 54.9 (C5), 29.8 (C3), 25.0 (C2); HRMS [M+H+] 
m/z ES calc’d for [C14H18N]+: 200.1434; observed: 200.1430; IR (neat) 3026, 2962, 2870, 
1453, 1097, 890, 750, 696, 518 cm-1.  
 
(E)-N-(but-3-yn-1-yl)-5-phenylpent-4-enamide 2.32.G. To a cooled solution of the acid 
2.32.B (0.2385, 1.355 mmol) in dichloromethane was added (COCl)2 (0.2325 mL, 2.709 
mmol, 2.0 equiv) followed by DMF (2.2 µL, 0.030 mmol). The reaction mixture was then 
warmed to ambient temperature and was stirred for 1 h. Upon completion, the solvent 
was removed under reduced pressure and the product was obtained as a green oil. To a 
cooled (0 ºC) solution of the crude material in THF (4.5 mL) was added homopropargyl 
amine (0.144 mL, 1.76 mmol, 1.3 equiv) drop wise using a 250 uL micro syringe followed 
by Et3N (0.246 mL, 1.76 mmol, 1.3 equiv). The reaction was stirred for 30 minutes. The 
reaction was quenched with water and the aqueous layer was extracted with CH2Cl2 (4 x 
10 mL). The combined organic layers were washed with brine and dried over MgSO4. The 
solvent was removed under reduced pressure and the crude material was purified by 
column chromatography (EtOAc/hexanes, 20 to 50%) to afford the product 2.32.G a 
yellow solid (0.1772 g, 56% yield). 1H NMR (400 MHz, CDCl3) d 7.35 – 7.30 (m, 4H, C7, 
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C8, C10, C11), 7.24 – 7.18 (m, 1H, C9), 6.44 (d, J = 15.83, 1 H, C5), 6.20 (dt, J = 15.80, 6.88 
Hz, 1H, C4), 5.80 (s, 1H, N), 4.06 (dd, J = 5.24, 2.53 Hz, 2H, C12), 2.56 (q, J = 7.39 Hz, 
2H, C3), 2.37 (t, J = 2.77 Hz, 2H, C2), 2.20 (s, 1H, C14); 13C NMR (400 MHz, CDCl3) d 
131.1 (C6), 128.6 (C7, (C11), 128.5 (C4), 127.2 (C8, 33C10), 126.1 (C5), 70.0 (C15), 37.9 
(C12), 36.3 (C2), 28.9 (C3), 19.5 (C13); HRMS [M+H+] m/z ES calc’d for [C15H18NO]+: 
228.1383; observed: 228.1378; IR (neat) 3285, 2925, 1634, 1555, 965, 693 cm-1.  
 
(E)-N-(but-3-yn-1-yl)-5-phenylpent-4-en-1-amine 2.32.K. To a cooled suspension (0 
ºC) of the amide 2.32.G (0.171 g, 0.752 mmol) in THF ( 4.0 mL) was added LiAlH4 (69.7 
mg, 1.88 mmol, 2.5 equiv) and the reaction was heated to 50 ºC and stirred for 12 h. Upon 
completion, the reaction was cooled to 0 ºC and water (5 mL) was added followed by 
Rochelle (potassium sodium tartrate) (20 mL) salt. The reaction mixture was vigorously 
stirred at ambient temperature for 20 minutes. The aqueous layer was extracted with 
CH2Cl2 (4 x 10 mL). The combined organic layers were washed with brine and dried with 
MgSO4 and concentrated under reduced pressure.  Crude product was purified by column 
chromatography (EtOAc/hexanes containing 1% triethylamine, 20 to 50%) to isolate the 
product 2.32.K as a yellow oil (97.0 mg, 61% yield). 1H NMR (400 MHz, CDCl3) d 7.36 – 
7.31 (m, 4H, C7, C8, C10, C11), 7.25 – 7.17 (m, 1H, C9), 6.41 (d, J = 15.82 Hz, 1 H, C5), 6.22 
(dt, J = 15.84, 6.85 Hz, 1H, C4), 3.44 (d, J = 2.44 Hz, 2H, C12), 2.75 (t, J = 7.19 Hz, 2H, 
C1), 2.28 (q, J = 7.38 Hz, 2H, C3), 2.21 (t, J = 2.45 Hz, 1H, C14), 1.67 (p, J = 7.29 Hz, 2H, 
C2), 1.36 (s, 1H, N); 13C NMR (400 MHz, CDCl3) d 137.7 (C6), 130.3 (C5), 130.2 (C5), 
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128.5 (C10, C8) , 126.9 (C9), 125.9 (C7, C11), 82.5 (C14), 70.5 (C15), 48.8 (C12), 47.9 (C1), 
30.8 (C3), 29.6 (C13), 19.5 (C2); IR (neat) 3306, 2931, 2851, 1449, 1125, 964, 741, 692, 
630 cm-1.  
 
7-Methylene-8-phenyloctahydroindolizine 2.33.D. To a cooled (–78 °C) solution of the 
amine 2.32.K (29.7 mg, 0.139 mmol) in dichloromethane (0.7 mL) was added N-
Chlorosuccinimide (37.2 mg, 0.280 mmol, 2.0 equiv). The reaction mixture was warmed 
up to 0 °C and stirred for 1 h. The reaction was diluted with hexanes (15 mL) and passed 
through a plug of silica (15 x 2.5 cm). Product 2.32.O was eluted with 5% Et2O/hexanes 
as a colorless oil (35.0 mg, 99% yield). To a flame-dried microwave tube under argon was 
added the chloroamine (35.0 mg) and AIBN (4.6 mg, 0.028 mmol, 0.2 equiv) in THF (16.4 
mL). Then was added TTMSH (58 µL, 0.28 mmol, 2.0 equiv) to the reaction solution. The 
microwave tube was sealed and, and the reaction tube was dipped in a hot oil bath (100 
ºC) and stirred for 3 h. Upon completion the reaction brought to ambient temperature and 
the solvent was removed under reduced pressure. The residue was dissolved in ethyl 
acetate (5 mL) and extracted with 10% HCl (3 x 5 mL). The combined acid layers were 
basified with 3 M NaOH and extracted with EtOAc (3 x 10 mL). The combined organic 
layers were washed with brine and dried with MgSO4 and the solvent removed under 
reduced pressure.  and was purified by column chromatograph. The crude was purified 
by flash chromatography ((acetone/hexanes), 5% to 10%) to obtain a yellow oil 2.33.D 
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(17.8 mg, 60% yield). 1H NMR (400 MHz, CDCl3) d 7.30 (m, 2H), 7.23 (m, 1H), 7.17 (m, 
2H), 4.80 (q, J = 1.92 Hz, 1H), 4.14 (q, J = 1.89 Hz 1H), 3.23 (ddd, J = 10.54, 5.22, 2.02 
Hz, 1H), 3.15 (m, 2H), 2.57 (ddd, J = 13.02, 9.41, 4.76 Hz, 1H), 2.21 (m, 3H), 1.61 (m, 
4H), 1.35 (m, 1H). 13C NMR (400 MHz, CDCl3) d 149.6 (C14), 140.1 (C6), 129.3 (C8, C10), 
128.2 (C7, C11), 126.5 (C9), 110.1 (C15), 69.0 (C4), 54.2 (C1), 53.0 (C12), 35.2 (C5), 29.7 
(C13), 25.60 (C3), 21.3 (C2); HRMS [M+H+] m/z ES calc’d for [C15H20N]+: 214.1590; 
observed: 214.1585; IR (neat) 2930, 2858, 2786, 747, 699 cm-1.  
 
(E)-6-phenyl-N-(prop-2-yn-1-yl)hex-5-enamide 2.32.H. To a cooled solution of the acid 
2.32.C (0.5254, 2.984 mmol) in dichloromethane was added (COCl)2 (0.546 mL, 6.36 
mmol, 2.0 equiv) followed by DMF (2.2 µL, 0.03 mmol). The reaction mixture was then 
warmed to ambient temperature and was stirred for 1 h. Upon completion, the solvent 
was removed under reduced pressure and the product was obtained as a green oil (0.804 
g, >99% yield). To a cooled (0 ºC) solution of half the crude material of (0.400 g, 1.92 
mmol) in THF (9.6 mL) was added propargyl amine (0.135 mL, 2.11 mmol, 1.1 equiv) 
drop wise using a 250 µL micro syringe followed by Et3N (0.668 mL, 4.79 mmol, 2.5 
equiv). The reaction was stirred for 30 minutes. The reaction was quenched with water 
(75 mL) and the aqueous layer was extracted with CH2Cl2 (4 x 10 mL). The combined 
organic layers were washed with brine and dried over MgSO4. The solvent was removed 
under reduced pressure and the crude material was purified by column chromatography 
(CH2Cl2/MeOH, 5 to 10%)  to give a yellow solid 2.32.H (0.324 g, 98% yield). 1H NMR 
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(400 MHz, CDCl3) d 7.27 (m, 5H), 6.44 (d, J = 15.83 Hz, 1 H), 6.20 (dt, J = 15.80, 6.88 
Hz, 1H), 5.55 (s, 1H), 4.05 (dd, J = 5.20, 2.56 Hz, 2H), 2.25 (m, 4H), 1.85 (p, J = 7.22 Hz, 
2H), 1.51 (s, 1H). 13C NMR (400 MHz, CDCl3) d 131.10, 128.60, 126.05, 70.01, 37.88, 
36.31, 28.90, 19.48, 17.45; IR (neat) 3283, 2924, 1634, 1551, 963, 741, 690 cm-1.  
 
(E)-6-phenyl-N-(prop-2-yn-1-yl)hex-5-en-1-amine 2.32.L. To a cooled suspension (0 
ºC) of the amide 2.32.H (0.400 g, 1.76 mmol) in THF (8.8 mL) was added LiAlH4 (163 mg, 
4.40 mmol, 2.5 equiv) and the reaction was heated to 50 ºC and stirred for 12 h. Upon 
completion, the reaction was cooled to 0 ºC and water (5 mL) was added followed by 
Rochelle salt (potassium sodium tartrate) (20 mL). The reaction mixture was vigorously 
stirred at ambient temperature for 20 minutes. The aqueous layer was extracted with 
CH2Cl2 (4 x 10 mL). The combined organic layers were washed with brine and dried with 
MgSO4 and concentrated under reduced pressure. Crude product was purified by column 
chromatography (EtOAc/hexanes containing 1% triethylamine, 5 to 20%) to isolate the 
product 2.32.L as a yellow oil (149.7 mg, 40% yield). 1H NMR (400 MHz, CDCl3) d 7.31 
(m, 4H), 7.20 (m, 1H), 6.38 (m, 1 H), 6.22 (dt, J = 15.81, 6.83 Hz, 1H), 3.43 (d, J = 2.45 
Hz, 2H), 2.72 (t, J = 7.24, 6.91, 3.83 Hz, 2H), 2.23 (m, 3H), 1.54 (m, 4H), 1.31 (s, 1H). 
13C NMR (400 MHz, CDCl3) d 137.8 (C10), 130.6 (C8), 130.1 (C13), 128.5 (C12, C14), 126.8 
(C11, C15), 125.9 (C9), 82.3 (C2), 71.21 (C1), 48.5 (C4), 38.2 (C3), 32.8 (C7), 29.4 (C5), 27.0 
(C6); IR (neat) 3293, 3026, 2931, 2851, 963, 744, 693, 639 cm-1.  
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2-methylene-1-phenyloctahydroindolizine 2.33.G. To a cooled (–78 °C) solution of the 
amine 2.32.L (30 mg, 0.14 mmol) in dichloromethane (0.7 mL) was added N-
chlorosuccinimide (37 mg, 0.28 mmol, 2.0 equiv). The reaction mixture was warmed up 
to 0 °C and stirred for 1 h. The reaction was diluted with hexanes (15 mL) and passed 
through a plug of silica (15 x 2.5 cm). Product 2.32.P was eluted with 5% Et2O/hexanes 
as a colorless oil (35.4 mg, 99% yield). To a flame-dried microwave tube under argon was 
added the chloroamine (35.4 mg) and AIBN (4.7 mg, 0.029 mmol, 0.2 equiv) in THF (15.9 
mL). Then was added TTMSH (88 µL, 0.29 mmol, 2.0 equiv) to the reaction solution. The 
microwave tube was sealed and, and the reaction tube was dipped in a hot oil bath (100 
ºC) and stirred for 3 h. Upon completion the reaction brought to ambient temperature and 
the solvent was removed under reduced pressure. The residue was dissolved in ethyl 
acetate (5 mL) and extracted with 10% HCl (3 x 5 mL). The combined acid layers were 
basified with 3 M NaOH and extracted with EtOAc (3 x 10 mL). The combined organic 
layers were washed with brine and dried with MgSO4 and the solvent removed under 
reduced pressure to obtain the product 2.33.G as a yellow oil (14.6 mg, 48% yield). 1H 
NMR (400 MHz, CDCl3) d 7.30 (m, 5H), 5.02 (s, 1H), 4.63 (s, 1H), 3.81 (d, J = 13.28 Hz, 
1H), 3.10 (m, 2H), 2.06 (m, 2H), 1.67 (m, 3H), 1.25 (m, 4H). 13C NMR (400 MHz, CDCl3) 
d 129.13, 128.24, 126.49, 72.39, 60.41, 56.88, 53.10, 29.68, 29.27, 25.51, 24.03, 23.44; 
IR (neat) 2934, 2855, 2784, 830, 749, 699 cm-1. 
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(E)-N-(but-3-yn-1-yl)-6-phenylhex-5-enamide 2.32.I. To a cooled solution of the acid 
2.32.C (0.5254, 2.984 mmol) in dichloromethane (11 mL)  was added (COCl)2 (0.546 mL, 
6.36 mmol, 2.0 equiv) followed by DMF (2.2 µL, 0.030 mmol). The reaction mixture was 
then warmed up to ambient temperature and was stirred for 1 h. Upon completion, the 
solvent was removed under reduced pressure and the product was obtained as a green 
oil (0.8040 g, >99% yield). To a cooled (0 ºC) solution of half the crude material (0.400 g, 
1.92 mmol) in THF (9.6 mL) was added homopropargyl amine (0.1727 mL, 2.109 mmol, 
1.1 equiv) drop wise using a 250 µL micro syringe followed by Et3N (0.668 mL, 4.79 mmol, 
2.5 equiv). The reaction was stirred for 30 minutes. The reaction was quenched with water 
(75 mL) and the aqueous layer was extracted with CH2Cl2 (4 x 10 mL). The combined 
organic layers were washed with brine and dried over MgSO4. The solvent was removed 
under reduced pressure and the crude material was purified by column chromatography 
(CH2Cl2/MeOH, 5 to 10%)  to give a yellow solid 2.32.I (0.4310 g, 93% yield). 1H NMR 
(400 MHz, CDCl3) d 7.28 (m, 5H), 6.40 (d, J = 15.65 Hz, 1 H), 6.20 (dt, J = 15.70, 6.90 
Hz, 1H), 5.75 (s, 1H), 3.41 (m, 2H), 2.40 (dt, J = 7.13, 2.13 Hz, 2H), 2.40 (m, 2H), 2.01 
(s, 2H), 1.84 (m, 3H). 13C NMR (400 MHz, CDCl3) d 130.77, 129.69, 128.49, 127.00, 
125.94, 69.99, 37.86, 35.86, 32.34, 25.05, 19.48; IR (neat) 3287, 2930, 1637, 1551, 1151, 
963, 693 cm-1.  
 
1. (COCl)2, DMF (catalytic), DCM
0 → 25 ºC
2. homopropargyl amine, Et3N
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(E)-N-(but-3-yn-1-yl)-6-phenylhex-5-en-1-amine 2.32.M. To a cooled suspension (0 ºC) 
of the amide 2.32.I (431 mg, 1.79 mmol) in THF (9.0 mL) was added LiAlH4 (165 mg, 4.47 
mmol, 2.5 equiv) and the reaction was heated to 50 ºC and stirred for 12 h. Upon 
completion, the reaction was cooled to 0 ºC and water (5 mL) was added followed by 
Rochelle salt (potassium sodium tartrate) (20 mL). The reaction mixture was vigorously 
stirred at room temperature for 20 min. The aqueous layer was extracted with CH2Cl2 (4 
x 10 mL). The combined organic layers were washed with brine and dried with MgSO4 
and concentrated under reduced pressure. Crude product was purified by column 
chromatography (EtOAc/hexanes containing 1% triethylamine, 10% to 60%) to isolate the 
product 2.32.M as a yellow oil (99.1 mg, 24% yield). 1H NMR (400 MHz, CDCl3) d 7.31 
(m, 4H), 7.19 (m, 1H), 6.38 (d, J = 15.84 Hz, 1 H), 6.22 (dt, J = 15.79, 6.87 Hz, 1H), 2.79 
(t, J = 6.56 Hz, 2H), 2.65 (t, J = 6.76 Hz, 2H), 2.40 (td, J = 6.57, 2.65 Hz, 2H), 2.23 (p, J 
= 7.08, 1.43 Hz, 2H), 1.99 (m, J = 2.67 Hz 1H), 1.54 (m, 4H), 1.39 (s, 1H). 13C NMR (400 
MHz, CDCl3) d 137.8 (C11), 130.7 (C9), 130.0 (C14), 128.5 (C15, C13), 126.8 (C10), 125.9 
(C12, C16), 94.3 (C2) (69.4 (C1), 49.2 (C4), 48.0 (C5), 32.9 (C8), 29.7 (C6), 27.1 (C7), 19.6 
(C3); IR (neat) 3306, 3026, 2931, 2851, 1450, 1125, 966, 741, 693, 630 cm-1. 
 
2-Methylene-1-phenyloctahydro-2H-quinolizine 2.33.I. To a cooled (–78 °C) solution 
of the amine 2.32.M (35 mg, 0.15 mmol) in dichloromethane (0.8 mL) was added N-
chlorosuccinimide (41 mg, 0.31 mmol, 2.0 equiv). The reaction mixture was warmed up 
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to 0 °C and stirred for 1 h. The reaction was diluted with hexanes (15 mL) and passed 
through a plug of silica (15 x 2.5 cm). Product 2.32.Q was eluted with 5% Et2O/hexanes 
as a colorless oil (41.7 mg, 99% yield). To a flame-dried microwave tube under argon was 
added the chloroamine 2.32.Q (41.7 mg) and AIBN (45.3 mg, 0.0320 mmol, 0.2 equiv) in 
THF (17.7 mL). Then was added TTMSH (98 µL, 0.319 mmol, 2.0 equiv) to the reaction 
solution. The microwave tube was sealed and, and the reaction tube was dipped in a hot 
oil bath (100 ºC) and stirred for 3 h. Upon completion the reaction brought to ambient 
temperature and the solvent was removed under reduced pressure. The residue was 
dissolved in ethyl acetate (5 mL) and extracted with 10% HCl (3 x 5 mL). The combined 
acid layers were basified with 3 M NaOH and extracted with EtOAc (3 x 10 mL). The 
combined organic layers were washed with brine and dried with MgSO4 and the solvent 
removed under reduced pressure to obtain the product 2.33.I as a yellow oil (20.6 mg, 
57% yield). 1H NMR (400 MHz, CDCl3) d 7.30 (m, 5H), 4.84 (s, 1H), 4.07 (s, 1H), 3.14 (d, 
J = 13.28 Hz, 1H), 2.85 (m, 1H), 2.25 (m, 4H), 2.05 (m, 2H), 1.50 (m, 6H). 13C NMR (400 
MHz, CDCl3) d 129.68, 128.19, 126.42, 109.33, 67.20, 57.32, 56.65, 55.81, 35.25, 31.44, 
25.57, 24.27; IR (neat) 3032, 2924, 2854, 2790, 2762, 1125, 897, 747, 693 cm-1. 
 
(Z)-5-phenylpent-4-en-1-ol 2.35.A. To a flame-dried 100 mL round bottom flask under 
Ar was measured NiCl2(PPh3)2 (234 mg, 0.357 mmol, 0.03 equiv) followed by toluene 
(29.7 mL) and PhMgBr (64.7 mg, 0.357 mmol, 0.03 equiv). The reaction was stirred for 
15 minutes. The remaining PhMgBr (4.25 g, 23.4 mmol, 1.97 equiv) was added to the 
O
NiCl2(PPh3)2, PhMgBr
toluene, reflux
OH
2.35.A 2.35.B54% yield
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reaction followed by dihydropyran 2.35.A (1.00 g, 11.9 mmol, 1.0 equiv) and the reaction 
was refluxed for 20 h. Upon completion the reaction was cooled to ambient temperature 
and poured into a saturated solution of NH4Cl (20 mL). The reaction mixture was extracted 
with Et2O (3 X 20 mL) and the combined organic layer was dried with Na2SO4, filtered and 
solvent was removed under reduced pressure. The crude material was purified by column 
chromatography (0-25% EtOAc/hexanes) to isolate the product 2.35.B as a colorless oil 
(1.0 g, 54%) yield. Rf = 0.4 (30% EtOAc/hexanes). Data matches reported data. 44 
 
(Z)-5-phenylpent-4-enal 2.35.C. To a 100 mL round bottom flask under Ar was 
measured DMPU ( 3.4 g, 8.0 mmol, 1.3 equiv) followed by DCM (40 mL) and the reaction 
was cooled to 0 ºC in an ice bath. A solution of the alcohol 2.35.B (1.00 g, 6.17 mmol, 1.0 
equiv) in DCM (8.0 mL) was added dropwise to the reaction flask and was stirred at 
ambient temperature for two hours. Upon completion the reaction mixture was poured 
into NaOH (1,0 M, 50 mL) and was extracted with Et2O (3 X 30 mL). The combined 
organic layers were washed with brine and dried with MgSO4, filtered and excess solvent 
was removed under reduced pressure. The crude product was purified by column 
chromatography (0-10% EtOAc/hexanes) to isolate the product 2.35.C as a light yellow 
oil (842 mg, 85% yield). Rf = 0.4 (10% EtOAc/hexanes). Data matches reported data.45 
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(Z)-N-(but-3-yn-1-yl)-5-phenylpent-4-en-1-amine 2.35.D. To a solution of the aldehyde 
2.35.C (500 mg, 3.12 mmol, 1.0 equiv) in MeOH (11.2 mL) was added 
homopropargylamine (281 µL, 3.42 mmol, 1.1 equiv) and stirred for 3 h to from the 
aldimine. Then the reaction mixture was treated with NaBH4 (189 mg, 4.90 mmol, 1.6 
equiv) and the reaction was run for 1 h. Upon completion reaction was quenched with 1M 
NaOH (15 mL) and the aqueous layer was extracted with EtOAc (15 mL x 3). The 
combined organic layers were washed with saturated aqueous NaCl, and dried with 
Na2SO4. The crude product was purified by column chromatography (70% EtOAc/ 
hexanes). The product 2.35.D was obtained as a yellow oil (226 mg, 34 %). Rf = 0.3 (70% 
EtOAc/Hexane). 1H NMR (400 MHz, CDCl3) d 7.29 (m, 4H, C7, C8, C10, C11 ), 7.22 (t, J = 
7.15 Hz, 1H, C9), 6.44 (dd, J = 11.6, 1.92 Hz, 1H, C5), 5.66 (dt, J = 11.69, 7.27 Hz, 1H, 
C4), 2.75 (t, J = 6.61 Hz, 2H, C12 ), 2.65 (t, J = 7.26 Hz, 2H, C1), 2.38 (pd, J = 6.99, 2.22 
Hz, 2H, C3, C13), 1.96 (t, J = 2.68 Hz, 1H, C15), 1.66 (p, J = 7.36 Hz, 2H, C2), 1.29 (s, 1H, 
N); 13C NMR (101 MHz, CDCl3) d 137.6 (C6), 132.3 (C5), 129.3 (C4), 128.7 (C8, C10), 128.1 
(C7, (C11), 126.5 (C9), 82.5 (C14), 69.4 (C15), 48.9 (C1), 47.9 (C12), 30.3 (C2), 26.3 (C3), 
19.6 (C13); HRMS [M+H+] m/z ES calc’d for [C15H20N]+: 214.1590; observed: 214.1586; 
IR 3009, 2855, 1612, 1504, 1435, 1420, 1265, 1088, 1072, 1042, 1018, 910 cm-1. 
 
(Z)-N-(but-3-yn-1-yl)-N-Chloro-5-phenylpent-4-en-1-amine 2.35.E. To a cooled (–78 
°C) solution of the amine 2.35.D (150.0 mg, 0.7030 mmol, 1.0 equiv) in dichloromethane 
(3.5 mL) was added N-chlorosuccinimide (103.0 mg, 0.7740 mmol, 1.1 equiv). The 
H
N
NCS, CH2Cl2
–78→ 0 ºC
N
Cl
2.35.D 2.35.E
79% yield
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reaction mixture was warmed up to 0 °C, over 2 h. The reaction was diluted with hexanes 
(10 mL) and passed through a plug of silica. Product 2.35.E was eluted with 5% 
Et2O/hexanes as a colorless oil (130 mg, 79%). Rf =0.5 (5% EtOAc/hexanes). 1H NMR 
(400 MHz, CDCl3) d 7.34 (m, J = 7.54 Hz, 4H, C7, C8, C10, C11), 7.26 (m, 1H, C9), 6.45 (dd, 
J = 11.70, 1.96 Hz, 1H, C5), 5.65 (dt, J = 11.67, 7.28 Hz, 1H, C4), 3.08 (t, J = 7.29 Hz, 2H, 
C12), 2.97 (t, 2H, C1), 2.56 (td, J = 7.28, 2.69 Hz, 2H, C3), 2.40 (m, J = 7.37, 1.82 Hz, 2H, 
C13), 1.97 (t, J = 2.68 Hz, 1H, C15), 1.83 (p, J = 7.36 Hz, 2H, C2); 13C NMR (101 MHz, 
CDCl3) d 137.5 (C6), 131.8 (C5) , 129.6 (C4), 128.7 (C8, C10), 128.2 (C7, (C11), 126.6 (C9), 
81.4 (C14), 69.45 (C15), 63.6 (C1), 62.4 (C12), 28.0 (C2), 25.6 (C3), 17.81 (C13).  
 
2-methylene-1-phenylhexahydro-1H-pyrrolizine 29. To a flame-dried microwave flask 
under argon was added the chloroamine 2.36.A (56.0 mg, 0.226 mmol, 1.0 equiv) and 
AIBN (7.4 mg, 0.045 mmol) in THF (22.6 mL). Then was added TTMSH (112 mg, 0.452 
mmol, 2.0 equiv) to the reaction solution. The flask was sealed and  was dipped in a hot 
oil bath (100 ºC) and stirred for 3 h. Upon completion reaction was brought to ambient 
temperature and solvent was removed under reduced pressure. Crude material was 
dissolved in EtOAc and was extracted with 10% HCl (3 x 15 mL). Combined aqueous 
layers were neutralized with 3M NaOH and was extracted into EtOAc (3 x 20 mL). 
Combined organic layer was washed with brine and dried over Na2SO4 and excess 
solvent was removed under reduced pressure. Crude was purified by column 
chromatograph (0-10% MeOH/DCM to obtain an orange oil which was a mixture of 
N
N
Ph
N
HPh
Cl
51% combined yield
AIBN (0.2 equiv)
TTMSH (2 equiv)
THF (0.01 M), 100 ºC
sealed tube, 3 h
2.36.A 2.36.B 2.36.C
Ph
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cyclized 2.36.B and non-cyclized 2.36.C products (24.8 mg, 51% yield). Rf = 0.3 (10% 
MeOH/DCM).  
 
(E)-hex-4-en-3-ol 2.38.B. To a cooled (0 ºC) solution of crotonaldehyde 2.38.A (1.00 g, 
14.3 mmol) in THF (7 mL) was added ethyl Grignard (1M in THF, 17.1 mL, 17.1 mmol) 
dropwise and was stirred for 15 min. The reaction was brought to 0 ºC and stirred for 
additional 1 h. The reaction was quenched with NH4Cl (14 mL) and the aqueous layer 
was extracted with EtOAc (20 mL x 3). The combined organic layers were washed with 
brine (20 mL), dried with Na2SO4 and concentrated under reduced pressure. The crude 
product was purified by column chromatography (20% EtOAc/hexanes) to isolate the 
product 2.38.B as an oil (1.35 g, 95% yield). 1H NMR (400 MHz, CDCl3) d 5.67 – 5.58 
(dqd, J = 15.23, 6.40, 0.85 Hz, 1H), 5.47 – 5.40 (ddq, J = 15.27, 7.16, 1.54 Hz, 1H), 3.95 
– 3.90 (q, J = 6.65 Hz, 1H), 1.86 (bs, 1H), 1.68 – 1.66 (ddd, J = 6.43, 1.49, 0.53 Hz, 3H), 
1.60 – 1.41 (m, 2H), 0.88 – 0.85 (t, J = 7.46 Hz, 3H); 13C NMR (101 MHz, CDCl3) d 134.02 
(C5), 126.80 (C4), 74.43 (C3), 30.05 (C6), 17.63 (C2), 9.73 (C1). Data matched with 
reported data.46 
 
(E)-6-hydroxyoct-4-enal 2.38.C. To a solution of 4-pentenal (620.0 g, 7.370 mmol) and 
Grubbs II (125 mg, 0.150 mmol) in DCM (25.4 mL) was added the allyl alcohol 2.38.B 
(1107 mg, 11.06 mmol) drop wise via a syringe pump. The reaction was refluxed at 40 ºC 
H
O BrMg
THF, 0 ºC
(95% yield)
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for 18 h. Upon completion, the reaction was cooled to ambient temperature, and the 
solvent was removed under reduced pressure. Crude material was purified by column 
chromatography and the product 2.38.C was eluted with 30% EtOAc/hexanes as an 
orange solid (322 mg, 31% yield). Rf = 0.3 (30%EtOAc/Hexane). 1H NMR (400 MHz, 
CDCl3)   9.77 (t, J = 1.39 Hz, 1H, C8), 5.65 (dt, J = 15.10, 6.38 Hz, 1H, C5), 5.53 (dd, J = 
15.43, 6.38 Hz, 1H, C4), 3.97 (q, J = 6.52 Hz, 1H, C3), 2.5 6 – 2.52 (m, 2H, C7), 2.38 (q, 
J = 6.96 Hz, 2H, C6), 1.63 (s, 1H, OH), 1.52 (dtd, J = 17.12, 13.66, 6.38 Hz, 2H, C2), 0.89 
(t, J = 7.45 Hz, 3H, C1); 13C NMR (101 MHz, CDCl3)   201.80 (C8), 134.11 (C5), 129.36 
(C4), 74.10 (C3), 43.11 (C6), 30.09 (C7), 24.67 (C2), 9.69 (C1)Characterization data 
matched with reported data.47 
 
(E)-8-(prop-2-yn-1-ylamino)oct-4-en-3-ol 2.38.D. To a solution of the aldehyde 2.38.C 
(322 mg, 2.26 mmol) in MeOH (8.4 mL) was added propargyl amine (159.5 µL, 2.490 
mmol) and stirred for 3 h to form the aldimine. Then the reaction mixture was treated with 
NaBH4 (137 mg, 3.62 mmol) and the reaction was run for 2 h. Upon completion reaction 
was quenched with 1M NaOH (15mL) and the aqueous layer was extracted with EtOAc 
(15 mL x 3). The combined organic layers were washed with saturated aqueous NaCl, 
and dried with Na2SO4. The crude product was purified by column chromatography an 
eluted with 10% MeOH/DCM. The product 2.38.D was obtained as a yellow oil (280.0 mg, 
68% yield). Rf = 0.3 (30%EtOAc/hexanes). Rf = 0.3 (30%EtOAc/hexanes). ). 1H NMR (400 
MHz, CDCl3)   5.66 – 5.60 (m, 1H, C4), 5.46 (ddt, J = 15.36, 6.99, 1.36 Hz, 1H, C5), 3.95 
O
H
HO NH
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(q, J = 6.61 Hz, 1H, C3), 3.41 (d, J = 2.48 Hz, 2H, C9), 2.69 (t, J = 7.23 Hz, 2H, C8), 2.20 
(t, J = 2.38 Hz, 1H, C11), 2.07 (q, J = 5.61 Hz, 2H, C6), 1.65 (s, 1H, N), 1.53 (ddq, J = 
14.18, 13.65, 7.12 Hz, 4H, C6, C7), 0.88 (t, J = 7.45 Hz, 3H, C1); 13C NMR (101 MHz, 
CDCl3) d 133.4 (C4), 131.3 (C5), 82.0 (C10), 74.3 (C3), 71.4 (C11), 48.0 (C8), 38.0 (C9), 30.1 
(C6), 29.9 (C7), 29.1 (C7), 9.8 (C1); HRMS [M+H+] m/z ES calc’d for [C11H20NO]+: 
182.1539; observed: 182.1534; IR 3302, 3009, 2963, 2932, 2839, 1597, 1504, 1481, 
1265, 1119, 1003, 972 cm-1. 
 
(E)-8-(chloro(prop-2-yn-1-yl)amino)oct-4-en-3-ol 2.38.E. To a cooled (–78 °C) solution 
of the amine 2.38.D (247 mg, 1.36 mmol) in DCM (3.0 mL) was added NCS (200.0 mg, 
1.500 mmol) and was warmed up to 0 °C over 2 hours and run for an additional 1 h. Then 
to the reaction mixture at 0 ºC was added DMP (867 mg, 2.00 mmol) and stirred for 18 h. 
Upon completion, the reaction was diluted with hexanes (5 mL) and purified by column 
chromatography. Product 2.38.E was eluted 20% (EtO)2/hexanes as a colorless oil (187 
mg 64% yield). Rf = 0.6 (40%Et2O/hexanes). 1H NMR (400 MHz, CDCl3) d 6.81 (dt, J = 
15.99, 6.84 Hz, 1H, C4), 6.11 (d, J = 15.9, 1.6 Hz, 1H, C5), 3.80 (d, J = 2.4 Hz, 2H, C9), 
2.98 (t, J = 6.8, 6.8 Hz, 2H, C8), 2.54 (q, J = 7.3 Hz, 2H, C2), 2.4 (t, J = 2.4, 0.66 Hz, 1H, 
C11), 2.28 (m, 2H, C6), 1.81 (p, J = 7.3 Hz, 2H, C7), 1.07 (t, J = 7.3 Hz, 3H, C1); 13C NMR 
(101 MHz, CDCl3) d 201.0 (C3) , 145.6 (C4), 130.5 (C5), 77.3 (C10), 74.9 (C11), 60.87 (C8), 
52.7 (C9), 33.3 (C2), 29.3 (C6), 26.2 (C7), 8.08 (C1). HRMS [M+H+] m/z ES calc’d for 
NH
HO
1. NCS, –78 ºC, CH2Cl2
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[C11H17NOCl]+: 214.0993; observed: 214.0992; IR 3301, 2930, 2844, 1675, 1628, 1446, 
1477, 1196, 1100, 968, 661 cm-1. 
 
1-(6-methyl-2,3,5,7a-tetrahydro-1H-pyrrolizin-7-yl)propan-1-one 2.41.C. To a flame-
dried microwave flask under argon was added the chloroamine 2.38.E (22.0 mg, 0.103 
mmol) and AIBN (3.4 mg, 0.020 mmol) in THF (11.4 mL). Then was added TIPS-H (42.2 
µL, 0.206 mmol to the reaction solution. The microwave tube was sealed and, and the 
reaction tube was dipped in a hot oil bath (100 ºC) and stirred for 3 h. CAUTION: 
REACTIONS UNDER PRESSURE SHOULD BE HANDLED IN A FUME HOOD BEHIND A 
BLAST SHIELD. Upon completion the reaction was brought to ambient temperature and 
the solvent was removed under reduced pressure and was purified by column 
chromatograph. Product 2.41.C was eluted with 10% (MeOH/DCM) to obtain the product 
as an orange oil (16 mg, 87% yield). Rf = 0.25 (10% MeOH/DCM). 1H NMR (400 MHz, 
CDCl3) d 5.21 (t, J = 7.88 Hz, 1H, C9), 4.62 (d, J = 17.3 Hz, 1H, C9), 3.80 (dd, J = 11.6, 
5.3 Hz, 2H, C2), 2.94 (m, 1H, C5), 2.58 (qt, J = 7.1, 1.64 Hz, 2H, C8), 2.46 (m, J = 13.0, 
6.0 Hz, 1H, C6), 2.07 (m, 5H, C11, C7), 1.80 (dq, J = 14.0, 7.4 Hz, 1H, C6), 1.07 (t, J = 8.69, 
6.69, 1.66 Hz, 3H, C1); 13C NMR (101 MHz, CDCl3) d 196.66 (C3), 142.15 (C10), 133.59 
(C4), 74.4 (C5), 64.6 (C9), 56.4 (C8), 36.0 (C6), 31.3 (C2), 25.1 (C7), 14.0 (C11), 7.3 (C1); 
HRMS [M+H+] m/z ES calc’d for [C11H18NO]+: 180.1383; observed: 180.1378; IR 3071, 
3017, 2963, 2909, 1612, 1597, 1504, 1481, 1265, 1096, 1072, 1018 cm-1. 
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(E)-9-bromonon-4-en-3-ol 2.40.B. To a solution of the catalyst C827 (173 mg, 0.210 
mmol, 0.015 equiv) in CH2Cl2 (68.3 mL, 0.20 M) was added 2.40.A (1.20 g, 13.9 mmol, 
1.0 equiv) and 6-bromo-1-hexene (4.51 g, 27.9 mmol, 2 equiv) via syringe under argon. 
The reaction flask was equipped with a reflux condenser and the resulting mixture was 
heated at 40 ºC for 20 h. Upon completion the reaction was cooled to ambient 
temperature and concentrated under vacuum. Flash chromatography on silica (0–15% 
EtOAc/hexanes) afforded the product 2.40.B in 1.52 g, (49% yield) as a brown liquid. 1H 
NMR (400 MHz, CDCl3) d 5.70 – 5.58 (m, 1H), 5.48 (dd, J = 15.5, 7.0 Hz, 1H), 4.04 – 3.91 
(m, 1H), 3.41 (t, J = 6.7 Hz, 2H), 2.08 (q, J = 7.0 Hz, 2H), 1.87 (dt, J = 14.9, 6.7 Hz, 2H), 
1.63 – 1.45 (m, 4H), 0.91 (t, J = 7.4 Hz, 3H); 13C NMR (101 MHz, CDCl3) d 133.59, 131.33, 
74.51, 33.82, 32.31, 31.41, 30.29, 27.78, 9.91; IR (neat) 3352, 2962, 2932, 2859, 1456, 
1249, 965, 645, 561 cm-1. 
 
(E)-9-(prop-2-yn-1-ylamino)non-4-en-3-ol 2.40.C. To a solution of (E)-9-bromonon-4-
en-3-ol, 2.40.B,  (284 mg, 1.29 mmol, 1.0 equiv) in DMF (2.08 mL, 0.62 M) was added 
successively the Hu ̈nig’s base (0.86 mL, 1.5 M) and propargyl amine (213 mg, 3.87 mmol, 
3.0 equiv) at ambient temperature. The resulting mixture was stirred at ambient 
temperature for 19 h. Upon completion, the reaction was diluted with ethyl acetate (10 
mL) and washed with water. The layers were separated and the aqueous layer was back-
OH Br
Grubbs catalyst C827 (1.5 mol%)
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extracted with ethyl acetate. The combined organic layers were washed with saturated 
aqueous solution of NaCl, dried over Na2SO4, and concentrated under reduced pressure. 
Flash chromatography on silica (0–5% MeOH/CH2Cl2) afforded 175 mg of the product 
2.40.C as a dark liquid (70% yield). 1H NMR (400 MHz, CDCl3) d 5.69 – 5.55 (m, 1H), 
5.44 (dd, J = 15.4, 7.1 Hz, 1H), 3.94 (q, J = 6.6 Hz, 1H), 3.41 (d, J = 2.3 Hz, 2H), 2.68 (td, 
J = 7.1, 3.4 Hz, 2H), 2.20 (d, J = 2.3 Hz, 1H), 2.06 (dq, J = 13.6, 6.8 Hz, 2H), 1.48 (tdd, J 
= 30.1, 14.3, 6.2 Hz, 6H), 0.88 (t, J = 7.4 Hz, 3H); 13C NMR (101 MHz, CDCl3) d 133.32, 
131.80, 82.21, 74.51, 71.48, 48.50, 38.21, 32.11, 30.27, 29.29, 26.94, 9.94; IR (neat) 
3305, 2960, 2928, 2856, 1455, 1330, 1112, 966, 734, 627, 646 cm-1. 
 
(E)-9-(chloro(prop-2-yn-1-yl)amino)non-4-en-3-ol 2.40.D. To a solution of (E)-9-(prop-
2-yn-1-ylamino)non-4-en-3-ol 2.40.C (100.0 mg, 0.5100 mmol, 1.0 equiv) in CH2Cl2 (2.56 
mL, 0.20 M) at –78 ºC was added NCS (75.3 mg, 0.560 mmol, 1.1 equiv). The resulting 
mixture was stirred at –78 ºC and allowed to warm to 0 ºC over 3 h. Upon completion of 
the chlorination, DMP (326 mg, 0.770 mmol, 1.5 equiv) was added into the reaction 
mixture at 0 ºC. The resulting mixture was allowed to warm to ambient temperature and 
stirred for 14 h. Upon completion the reaction was diluted with 10 mL of 40% 
ether/hexanes and purified by flash chromatography on silica (40% ether/hexanes) to 
afford 85 mg of the product 2.40.D as a colorless liquid (63% yield over 2 steps). 1H NMR 
(400 MHz, CDCl3) d 6.81 (dt, J = 15.9, 6.9 Hz, 1H), 6.12 (dd, J = 15.8, 7.5 Hz, 1H), 3.81 
(d, J = 2.3 Hz, 2H), 2.99 (t, J = 6.8 Hz, 2H), 2.55 (q, J = 7.3 Hz, 2H), 2.41 (t, J = 2.3 Hz, 
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1H), 2.24 (q, J = 6.9 Hz, 2H), 1.72 – 1.47 (m, 4H), 1.09 (t, J = 7.3 Hz, 3H); 13C NMR (101 
MHz, CDCl3) d 201.22, 146.39, 130.45, 74.97, 61.61, 52.77, 33.41, 32.18, 27.44, 25.28, 
8.27; IR (neat) 
3296, 3260, 2939, 2863, 1697, 1671, 1629, 1358, 1203, 979, 662 cm-1. 
 
Cyclized 2.41.E and 2.41.D. To a microwave tube wrapped with aluminum foil was added 
(E)-9-(chloro(prop-2-yn-1-yl)amino)non-4-en-3-ol 2.40.D (40.0 mg, 0.180 mmol, 1.0 
equiv) and AIBN (6.0 mg, 0.035 mmol, 0.2 equiv). The tube was closed with a septum 
followed by evacuation and backfilling with argon. Next was added (TMS)3SiH (87.0 mg, 
0.351 mmol, 2.0 equiv) and THF (20.0 mL, 0.01 M) via syringe to the sealed tube under 
argon. Finally, the sealed tube was merged into a pre-heated oil bath at 100 ºC for 3 
hours. Upon completion the reaction was cooled to ambient temperature and the solvent 
was concentrated under reduced pressure. Flash chromatography on silica (0–3% 
MeOH/CH2Cl2) afforded 11 mg of 2.41.D as a yellow liquid (33% yield). Trace amount of 
2.41.E was observed in TLC. For Table 2.41, the ratio between the cyclized products and 
the reduced amines were determined by GCMS (QP2010 SE, Shimadzu). However, no 
internal standard was employed, and therefore, the results can only be interpreted 
qualitatively. 1H NMR (400 MHz, CDCl3) d 3.55 (dd, J = 17.5, 2.2 Hz, 1H), 3.28 (dd, J = 
17.6, 2.3 Hz, 1H), 2.88 (d, J = 9.2 Hz, 1H), 2.83 – 2.71 (m, 2H), 2.57 – 2.31 (m, 4H), 2.23 
(t, J = 2.3 Hz, 1H), 1.72 – 1.48 (m, 4H), 1.38 – 1.18 (m, 3H); 13C NMR (101 MHz, CDCl3) 
O
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d 210.36, 73.63, 55.68, 53.07, 45.89, 43.72, 37.02, 31.90, 25.96, 23.75, 7.88, 1.45; IR 
(neat) 3309, 2926, 2856, 1711, 1457, 1377, 1104, 1079, 658 cm-1. 
 
(E)-1-phenylbut-2-en-1-ol 2.42.B. To a cooled (0 ºC) solution of phenyl Grignard (1M in 
THF, 14.3 mL, 14.3 mmol) was added a solution of crotonaldehyde 2.42.A (1.00 g, 14.3 
mmol) in THF (9.5 mL) dropwise via syringe pump over 28 min. The reaction was stirred 
for 45 minutes and was warmed to ambient temperature. and stirred for additional 4 h. 
Upon completion was quenched with saturated NH4Cl (12 mL) and the aqueous layer 
was extracted with Et2O (20 mL x 3). The combined organic layers were washed with 
brine (20 mL), dried with Na2SO4 and concentrated under reduced pressure. Crude 
product 2.42.B was obtained as a colorless oil in quantitative yield (1.96 g, 94%). Data 
matched reported data.48  
 
(Z)-6-hydroxy-6-phenylhex-4-enal 2.42.C. To a solution of 4-pentenal (250.0 g, 2.972 
mmol) and Grubbs II (50.5 mg, 0.0590 mmol, 0.02 equiv) in DCM (10.2 mL) was added 
the l alcohol (E)-1-phenylbut-2-en-1-ol 2.42.B (661 mg, 4.46 mmol, 1.5 equiv) drop wise 
via a syringe pump. The reaction was refluxed at 40 ºC for 18 h. Upon completion, the 
reaction was cooled to ambient temperature, and the solvent was removed under reduced 
pressure. Crude material was purified by column chromatography and the product 2.42.C 
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was eluted with 30% EtOAc/Hexane as orange solid (251.2 mg, 43%). Rf = 0.3 
(30%EtOAc/hexanes) Characterization data matched reported data.49  
  
(E)-1-phenyl-6-(prop-2-yn-1-ylamino)hex-2-en-1-ol 2.42.D. To a solution of the 
aldehyde (Z)-6-hydroxy-6-phenylhex-4-enal 2.42.C (391 mg, 2.06 mmol) in DCE (7.4 mL) 
was added propargylamine (145.0 µL, 2.263 mmol, 1.1 equiv), and the resulting reaction 
mixture was stirred for 3 h to form the aldimine. Then the reaction mixture was treated 
with NaBH(OAc)3 (610.4 mg, 2.880 mmol, 1.4 equiv) and the reaction was run for 2 h. 
Upon completion reaction was quenched with aqueous saturated NaHCO3 (15 mL) and 
the aqueous layer was extracted with EtOAc (15 mL x 3). The combined organic layers 
were washed with saturated aqueous NaCl, and dried with Na2SO4. The crude product 
was purified by column chromatography an eluted with 10% MeOH/DCM. The product 
2.42.D was obtained as a yellow oil (510.0 mg, 94% yield). Rf = 0.4 (10% MeOH/CH2Cl2). 
1H NMR (400 MHz, CDCl3) d 7.34 (m, 5H), 7.26 (m, 1H, C5), 5.71 (m, 2H), 5.15 (d, J = 
6.11 Hz, 1H), 3.37 (t, J = 2.43 Hz, 2H), 2.67 (t, J = 7.21 Hz, 2H), 2.18 (m, 1H), 2.10 (tt, J 
= 13.92, 6.04 Hz, 3H), 1.58 (m, 2H); 13C NMR (101 MHz, CDCl3) d 143.4 (C9), 132.9 (C7), 
131.6 (C6), 128.5 (C13, C11 ), 127.5 (C12), 126.2 C14, C10), 82.0 (C15), 75.0 (C8), 71.5 (C1), 
48.0 (C3), 38.0 (C2), 29.9 (C5), 29.0 (C4). 
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(E)-6-(chloro(prop-2-yn-1-yl)amino)-1-phenylhex-2-en-1-ol 2.42.E. To a solution of 
(E)-1-phenyl-6-(prop-2-yn-1-ylamino)hex-2-en-1-ol 2.42.D, (100.0 mg, 0.4360 mmol, 1.0 
equiv) in CH2Cl2 (2.2 mL) at –78 ºC was added NCS (64.1 mg, 0.480 mmol, 1.1 equiv). 
The resulting mixture was stirred at –78 ºC and allowed to warm to 0 ºC over 3 h. Upon 
completion of the chlorination, DMP (277 mg, 0.654 mmol, 1.5 equiv) was added into the 
reaction mixture at 0 ºC. The resulting mixture was allowed to warm to ambient 
temperature and stirred for 14 h. Upon completion the reaction was diluted with 5 mL of 
hexanes and purified by flash chromatography on silica (5% EtOAc/hexanes) to afford 
37.0 mg of the product 2.42.E as a colorless liquid (42% yield over 2 steps). Rf = 0.4 (5% 
EtOAc/hexanes). 1H NMR (400 MHz, Chloroform-d) d 7.93 (dt, J = 6.99, 1.41 Hz, 2H), 
7.55 (m, 1H), 7.47 (m, 2H), 7.36 (m, 1H), 7.06 (dt, J = 15.44, 6.74 Hz, 1H), 6.92 (dt, J = 
15.4, 1.42 Hz, 1H), 4.45 (d, J = 2.45 Hz, 1H), 3.84 (d, J = 2.38 Hz 2H), 3.04 (t, J = 6.78 
Hz, 2H), 2.42 (ddd, J = 13.61, 5.95, 1.88 Hz, 3H), 1.89 (p, J = 13.61, 5.95, 1.88 Hz, 2H); 
13C NMR (101 MHz, Chloroform-d) d 148.5 (C9), 132.7 (C13, C11), 128.5 (C14, C10, C7, C6), 
126.5 (C12), 75.0 (C15), 60.9 (C6), 53. 4 (C1), 52.8 (C3), 30.9 (C2), 29.7 (C5), 26.3 (C4). 
 
Cyclized 2.43.A. To microwave tube wrapped with aluminum foil was added (E)-6-
(chloro(prop-2-yn-1-yl)amino)-1-phenylhex-2-en-1-ol 2.42.E (22.0 mg, 0.084 mmol, 1.0 
equiv) and AIBN (2.8 mg, 0.017 mmol, 0.2 equiv). The tube was then sealed with a 
septum followed by evacuation and backfilling with argon. Next was added TIPS-H (26.6 
mg, 0.168 mmol, 2.0 equiv) and THF (9.3 mL, 0.01 M) via syringe to the sealed tube 
O
N
Cl
TTMS-H, AIBN
THF, 100 ºC
sealed vessel, 3h
N
O
2.43.A
attempted2.42.E
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under argon. Finally, the sealed tube was merged into a pre-heated oil bath at 100 ºC for 
3 hours. Upon completion the reaction was cooled to ambient temperature and the solvent 
was concentrated under reduced pressure. Flash chromatography on silica (0–5% 
MeOH/CH2Cl2) afforded a mixture of products that was difficult to elucidate from NMR 
spectroscopy.   
 
(E)-6-bromo-1-methoxyhex-2-ene 2.45.C. To a solution of Grubbs 827 (69 mg, 0.083 
mmol) in DCM (40.8 mL) was added the 5-bromo-1-pentene 2.45.A (2.46 g, 16.6 mmol) 
and the allylic ether 2.45.B (0.600 mg, 8.32 mmol) under argon via syringe. The reaction 
was refluxed under argon at 40 ºC for 20 h. The reaction was cooled to ambient 
temperature, and the solvent was removed under reduced pressure. Crude material was 
purified by column chromatography eluted with 0 – 5% ether/hexanes to afford the 
product 2.45.C as a dark orange oil (0.55 g, 34%) Rf = 0.45 (10% EtOAc/hexanes). 1H 
NMR (400 MHz, CDCl3) d 5.64 (m, 2H, C4, C3), 3.86 (m, J = 4.8 Hz, 2H, C2), 3.40 (t, J = 
6.7 Hz, 2H, C7), 3.32 (s, 3H, C1), 2.21 (q, J = 6.2, 5.7 Hz, 2H, C5), 1.95 (dq, J = 8.20, 6.7 
Hz, 2H, C6); 13C NMR (101 MHz, CDCl3) d 132.1 (C4) , 127.8 (C3), 73.0 (C2) , 57.8 (C1), 
33.1 (C7), 31.9 (C5), 30.6 (C6). IR 2930, 2848, 1442, 1239, 1123, 967 cm-1. 
 
(E)-6-methoxy-N-(prop-2-yn-1-yl)hex-4-en-1-amine 2.45.D. To a solution of 2.45.C 
(0.52 mg, 2.7 mmol) in DMF (4.4 mL) under argon were added iPr2NEt (1.80 mL, 10.8 
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O
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mmol) and propargyl amine (867 µL, 13.5 mmol), successively. The reaction mixture was 
stirred at ambient temperature for 67 h. Then the reaction was diluted with EtOAc and 
washed with H2O (3 x 8 mL). The combined aqueous layer was extracted with EtOAc (5 
mL x 3). The combined organic layers were washed with saturated aqueous solution of 
NaCl and dried with Na2SO4. Solvent was removed under reduced pressure and purified 
by column chromatography eluted with 0–3% MeOH/DCM to afford product 2.45.D as a 
yellow liquid (360 mg, 79% yield) Rf = 0.3 (3% MeOH/DCM). 1H NMR (400 MHz, CDCl3) 
d 5.70 (dtt, J = 15.48, 6.5. 1.15 Hz, 1H, C3), 5.56 (dtt, J = 15.23, 6.09, 1.26 Hz 1H, C4), 
3.85 (d, J = 6.1 Hz, 2H, C2 ), 3.41 (d, J = 2.4 Hz, 2H, C8), 3.30 (s, 3H, C1), 2.69 (t, J = 7.2 
Hz, 2H, C7), 2.19 (dq, J = 2.52, 1.56, 0.94 Hz, 1H, C10), 2.10 (q, 2H, C5), 1.58 (d, J = 7.31 
Hz, 2H, C6), 1.2 (s, 1H, N); 13C NMR (101 MHz, CDCl3) d 134.0 (C4), 126.6 (C3), 82.3 
(C9), 73.1 (C2), 71.2 (C10), 57.7 (C1), 48.1 (C7), 38.1 (C8), 30.0 (C5), 29.2 (C6); HRMS 
[M+H+] m/z ES calc’d for [C10H17NO]+: 168.1383; observed: 168.1379; IR 3302, 3009, 
2963, 2931, 2856, 2824, 1265, 1119, 1018, 972, 910 cm-1. 
 
 
(E)-N-Chloro-6-methoxy-N-(prop-2-yn-1-yl)hex-4-en-1-amine 2.45.E. To a cooled (–
78 °C) solution of amine 2.45.D (100.0 mg, 0.5980 mmol) in DCM (3 mL) was added NCS 
(87.8 mg, 0.658 mmol) and was warmed to 0 °C over 2 hours. Upon completion, the 
reaction was diluted with hexanes (5 mL) and purified by column chromatography. 
Product 2.45.E was eluted 7.5% (EtO)2/hexanes as a colorless oil (70 mg 58% yield). Rf 
= 0.25 (5%Et2O/hexanes). 1H NMR (400 MHz, CDCl3)   5.74 – 5.65 (m, 1H, C4), 5.59 − 
N
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5.54 (m, 1H, C3), 3.85 (dq, J = 5.85, 0.94 Hz, 2H, C2), 3.80 (dd, J = 2.4, 0.55 Hz, 2H, C8), 
3.30 (s, 3H, C1), 2.98 (dd, J = 7.72, 6.27 Hz, 2H, C7), 2.40 (t, J = 2.37 Hz, 1H, C10), 2.15 
– 2.09 (m, 2H, C5), 1.75 – 1.71 (m, 2H, C6); 13C NMR (101 MHz, CDCl3)   133.44 (C4), 
127.06 (C3), 77.53 (C9), 74.72 (C10), 73.02 (C2), 61.33 (C1), 57.74 (C8), 52.62 (C7), 29.27 
(C5), 27.25 (C6); HRMS [M+H+] m/z ES calc’d for [C10H17NOCl]+: 202.0993; observed: 
202.0991; IR 3297, 2921, 2848, 1442, 1386, 1114, 971, 661 cm-1. 
 
1-(methoxymethyl)-2-methylenehexahydro-1H-pyrrolizine 2.46.B. To a flame-dried 
microwave flask under argon was added the chloroamine 2.45.E (60.0 mg, 0.297 mmol) 
and AIBN (9.8 mg, 0.060 mmol) in THF (33 mL). Then was added TIPS-H (122 µL, 0.595 
mmol to the reaction solution. The microwave tube was sealed and, and the reaction tube 
was dipped in a hot oil bath (100 ºC) and stirred for 3 h. CAUTION: REACTIONS UNDER 
PRESSURE SHOULD BE HANDLED IN A FUME HOOD BEHIND A BLAST SHIELD. Upon 
completion reaction was brought to ambient temperature and the solvent was removed 
under reduced pressure and was purified by column chromatography. Product 2.46.B 
was eluted with 10% (MeOH/DCM) to obtain the product as an orange oil (42.0 mg, 84% 
yield). Rf = 0.4 (10% MeOH/DCM).1H NMR (400 MHz, CDCl3) d 5.23 (dq, J = 12.13, 2.06 
Hz 2H), 4.35 (dd, J = 15.05, 2.1 Hz 1H), 4.23 (q, J = 6.46 Hz 1H), 3.83 (m, 1H), 3.54 (m, 
2H), 3.36 (d, J = 0.61 Hz, 3H), 3.30 (dt, J = 8.44, 5.16, 1.22 Hz, 1H), 2.86 (dt, J = 11.65, 
7.81 Hz, 1H), 2.76 (dtd, J = 7.61, 5.61, 1.73 Hz, 1H), 2.38 (dtd, J = 13.28, 7.40, 5.67 Hz, 
O
N
OCl
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TIPSH (2 equiv)
THF (0.01 M), 100 ºC
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1H), 2.13 (m, 2H), 1.86 (dq, J = 13.79 Hz, 1, 7.24 Hz, 1H); 13C NMR (101 MHz, CDCl3) d 
141.7 (C9), 112.7 (C10), 73.3 (C4), 70.0 (C2), 59.3 (C8), 57.4 (C1), 54.7 (C7), 48.7 (C3), 31.0 
(C5), 24.8 (C6); HRMS [M+H+] m/z ES calc’d for [C10H18NO]+: 168.1383; observed: 
168.1379; IR 3102, 3040, 3009, 2901, 2345, 1589, 1450, 1435, 1265, 1196, 1119, 1088, 
1072 cm-1. 
 
(E)-7-bromo-1-methoxyhept-2-ene 2.47.C. To a solution of Grubbs 827 (69 mg, 0.083 
mmol, 0.01 equiv) in DCM (40.8 mL) was added 6-bromo-1-hexene 2.47.A (2.71 g, 16.6 
mmol) and the allylic ether 2.47.B (0.60 mg, 8.3 mmol) under argon via syringe. The 
reaction was refluxed under argon at 40 ºC for 22 h. The reaction was cooled to ambient 
temperature and the solvent was removed under reduced pressure. Crude material was 
purified by column chromatography eluted with 0–10% Et2O/hexanes to afford the product 
as a dark orange oil (0.551 g, 32% yield) Rf = 0.55 (10% Et2O/hexane). Data matched 
with the reported data.50 
 
(E)-7-Methoxy-N-(prop-2-yn-1-yl)hept-5-en-1-amine 2.47.D. To a solution of (E)-7-
bromo-1-methoxyhept-2-ene 2.47.C (0.550 mg, 2.66 mmol) in DMF (4.3 mL) under argon 
were added iPr2Net (1.80 mL, 10.2 mmol, 3.8 equiv) and propargyl amine (1000.0 µL, 
15.960 mmol, 6 equiv), successively. The reaction mixture was stirred at ambient 
temperature for 60 h. The reaction upon completion was diluted with EtOAc and washed 
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with H2O (3 x 12 mL). The combined aqueous layer was extracted with EtOAc (3 x 10 
mL). The combined organic layers were washed with saturated aqueous solution of NaCl 
and dried with Na2SO4. Solvent was removed under reduced pressure and purified by 
column chromatography eluted with 0–5% MeOH/DCM to afford the product 2.47.D as a 
yellow liquid (268 mg, 56% yield) Rf = 0.3 (5% MeOH/DCM). 1H NMR (400 MHz, CDCl3) 
d 5.65 (dtt, J = 15.63, 6.61, 1.22 Hz, 1H), 5.50 (m, 1H), 3.81 (dt, J = 6.11, 1.13 Hz, 2H), 
3.37 (d, J = 2.45 Hz, 2H), 3.26 (s, 3H), 2.64 (t, J = 6.97 Hz, 2H), 2.18 (t, J = 2.44 Hz, 1H), 
2.04 (m, 2H), 1.43 (m, 5H); 13C NMR (101 MHz, CDCl3) d 134.4 (C4), 126.4 (C3), 82.52 
(C10) 73.2 (C2), 71.2 (C11), 57.7 (C1), 48.5 (C8), 38.2 (C9), 32.1 (C5), 29.3 (C7), 26.7 (C6). 
 
(E)-N-Chloro-7-methoxy-N-(prop-2-yn-1-yl)hept-5-en-1-amine 2.47.E. To a cooled (–
78 °C) solution of the amine 2.47.D (100.0 mg, 0.5520 mmol) in DCM (2.8 mL) was added 
NCS (81.0 mg, 0.607 mmol, 1.1 equiv) and was warmed up to 0 °C over 3 hours. Upon 
completion, the reaction was diluted with hexanes (10.0 mL) and purified by column 
chromatography. Product 2.47.E was eluted 7.5% Et2O/hexanes) as a colorless oil (54 
mg 45% yield). Rf = 0.25 (5%Et2O/hexanes). 1H NMR (400 MHz, CDCl3) d 5.68 (dtt, J = 
15.41, 6.50, 1.17 Hz 1H), 5.55 (dtt, J = 15.09, 6.13, 1.26 Hz), 3.85 (m, 2H), 3.30 (s, 3H), 
2.97 (dd, J = 7.74, 6.35 Hz  2H), 2.39 (t, J = 2.38, 0.56 Hz, 1H), 2.08 (m, 2H), 1.63 (m, 
2H), 1.44 (m, 2H); 13C NMR (101 MHz, CDCl3) d 134.1 (C4) , 126.6 (C3), 77.5 (C10), 74.7 
(C2), 73.1 (C11), 61.7 (C1), 57.7 (C8), 52.5 (C9), 31.9 (C5), 27.3 (C7), 26.1 (C6). 
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Attempted cyclization 2.48.B. To a flame-dried microwave flask under argon was added 
the chloroamine  2.47.E (54.0 mg, 0.235 mmol) and AIBN (7.7 mg, 0.047 mmol, 0.2 equiv) 
in THF (26.0 mL). Then was added TIPS-H (96.3 µL, 0.470 mmol, 2.0 equiv) to the 
reaction solution. The microwave tube was sealed, and the reaction tube was dipped in 
a hot oil bath (100 ºC) and stirred for 3 h. Upon completion, the reaction was brought to 
ambient temperature and the solvent was removed under reduced pressure and was 
purified by column chromatography. Product, identified as the reduced amine was eluted 
with 10% (MeOH/DCM) to obtain the product 2.48.B as an orange oil (17.8 mg, 42% 
yield). Rf = 0.35 (5% MeOH/DCM). 1H NMR (400 MHz, CDCl3) d 5.65 (dtt, J = 15.63, 6.61, 
1.22 Hz, 1H), 5.50 (m, 1H), 3.81 (dt, J = 6.11, 1.13 Hz, 2H), 3.37 (d, J = 2.45 Hz, 2H), 
3.26 (s, 3H), 2.64 (t, J = 6.97 Hz, 2H), 2.18 (t, J = 2.44 Hz, 1H), 2.04 (m, 2H), 1.43 (m, 
5H); 13C NMR (101 MHz, CDCl3) d 134.4 (C4), 126.4 (C3), 82.52 (C10) 73.2 (C2), 71.2 
(C11), 57.7 (C1), 48.5 (C8), 38.2 (C9), 32.1 (C5), 29.3 (C7), 26.7 (C6). 
 
2-allylaniline 2.49.B. To a flame-dried round bottom flask was measured N-allylaniline 
2.49.A (2.685 g, 20.16 mmol) that was dissolved in xylene (33.6 mL). To the reaction 
mixture was added BF3·OEt2 (2.86 g, 20.2 mL) and the reaction was refluxed at 145 ºC 
for 21 h. The reaction did not go to completion, and therefore, after 21 hours the reaction 
N
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was brought to ambient temperature and was quenched with 10% NaOH. The organic 
layer was extracted with EtOAc (3 x 20 mL), and the combined organic layers were 
washed with saturated NaCl, dried over MgSO4 and concentrated under reduced 
pressure. The crude product was purified by column chromatography and the product 
was eluted with 8% EtOAc/hexanes to obtain the product 2.49.B in 56% yield, 1.50 g. Rf 
= 0.45 (10% EtOAc/hexanes). Spectroscopic data matched reported data.51  
 
tert-butyl (2-allylphenyl)carbamate 2.49.C. 2-allylaniline 2.49.B was added to a 
solution of di-tert-butyl decarbonate in THF and the reaction mixture was heated to reflux 
overnight (20 h). Upon completion, the reaction was brought to ambient temperature and 
was quenched with water (20 mL). The organic layer was extracted with EtOAc (3 x 20 
mL) and the combined organic layers were concentrated under reduced pressure and 
was purified using silica gel column chromatography. The product 2.49.C was eluted with 
5% EtOAc/hexanes to afford the product in 2.6 g, >99% quantitatively. Rf = 0.6 (10% 
EtOAc/hexanes). Spectroscopic data matched reported data.52 
 
tert-butyl (2-cinnamylphenyl)carbamate 2.49.D. Cis- phenyl propene (10.2 mg, 0.0860 
mmol, 2.0 equiv) was added to a solution of tert-butyl (2-allylphenyl)carbamate 2.49.C 
(10.0 mg, 0.0430 mmol) and Grubb’s II catalyst (1.7 mg, 0.0020 mmol, 0.05 equiv), in 
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CH2Cl2 (1 mL) and was stirred for 22 h. Upon completion, the reaction mixture was 
concentrated under reduced pressure and was purified by flash chromatography to elute 
the product with 5% EtOAc/hexanes. The product 2.49.D was obtained as a light yellow 
powder in 11.5 mg, 87% yield. Rf = 0.6 (3% EtOAc/hexanes). Spectroscopic data matched 
reported data.53  
 
2-cinnamylaniline 2.49.E. To a solution of tert-butyl (2-cinnamylphenyl)carbamate 
2.49.D (260 mg, 1.11 mmol) in CH2Cl2 (3.7 mL) was added TFA (3.7 mL) and the reaction 
mixture was stirred for 3 h. Upon completion, the solvent was removed under reduced 
pressure, and excess TFA was azeotroped using toluene and acetonitrile three times. 
The product was dried under high vacuum to afford the product 2.49.E as a light white 
yellow solid in 231 mg >98% yield. Rf = 0.3 (10% EtOAc/hexanes). Spectroscopic data 
matched reported data.53 
 
2-cinnamyl-N-(prop-2-yn-1-yl)aniline 2.49.F. Propargyl bromide (5.9 µL, 0.053 mmol, 
1.1 equiv) was added to a solution of 2-cinnamylaniline 2.49.E (10.0 mg, 0.0480 mmol) 
and K2CO3 (6.63 mg, 0.0480 mmol) in DMF (69 µL). The reaction was stirred for 27 h. 
Upon completion, the reaction was quenched with water ( 2 mL) and was extracted into 
Et2O (3 x 2 mL). The combined organic layers were washed with water and dried over 
Na2SO4. The filtered organic layer was concentrated under reduced pressure and purified 
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using silica gel column chromatography to elute the product with 4% EtOAc/hexanes. The 
product was obtained in 4.5 mg, 38% yield. Rf = 0.45 (5% EtOAc/hexanes). 1H NMR (400 
MHz, CDCl3) d 7.28 (m, 6H), 7.14 (dd, J = 7.45, 1.56 Hz, 1H), 6.80 (m, 2H), 6.45 (dt, J = 
15.97, 1.50 Hz, 1H), 6.34 (m, 1H), 3.95 (m, 3H), 3.47 (dd, J = 6.09, 1.49 Hz, 2H), 2.19 
(m, 1H); 13C NMR (101 MHz, CDCl3) d 131.5, 130.02, 128.5, 127.8, 127.5, 127.3, 126.2, 
118.5, 111.3, 35.4, 33.6. 
 
N-Chloro-2-cinnamyl-N-(prop-2-yn-1-yl)aniline 2.49.G. To a cooled (–78 °C) solution 
of the amine 2.49.F (5 mg, 0.02 mmol) in DCM (1.0 mL) was added NCS (5.3 mg, 0.040 
mmol, 2.0 equiv), covered with a foil, and was warmed up to 0 °C over 3 hours and stirred 
over 2 days. The reaction did not indicate significant progress towards the desired 
chlorinated product.  
 
2-vinylbenzoic acid 2.50.B. To a solution of methyl triphenyl phosphonium bromide (286 
mg, 0.800 mmol, 1.2 equiv) was added KtBuO (179.5 mg, 1.600 mmol, 2.4 equiv) in THF 
(0.7 mL) and was stirred for 90 min. Next was added 2-carboxy benzaldehyde 2.50.A 
(100.0 mg, 0.6700 mmol) in THF (6.7 mL) to the reaction mixture dropwise. After complete 
addition of the aldehyde, the reaction temperature was raised to 60 ºC, and the reaction 
was stirred for 24 h. Upon completion, NaOH (1M, 10 mL) was added to the reaction until 
NCS, –78 ºC
N
H
N
Cl
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O
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2.50.A 2.50.B
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(54% yield)
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the solid dissolved and the organic layer was extracted with 1M NaOH (2 x 10 mL). The 
combined aqueous layers were acidified with 1M HCl untill the pH was 1. The acidified 
aqueous layer was extracted with EtOAc (3 x 15 mL), and the combined organic layers 
were dried over Na2SO4, filtered, and the excess solvent was removed under reduced 
pressure to afford the product 2.50.B in 54.0 mg, 54% yield. Spectroscopic data matches 
the reported data. 54 
 
N-(prop-2-yn-1-yl)-2-vinylbenzamide 2.50.D. To a cooled solution of 2-vinylbenzoic 
acid 2.50.B (1.90 g, 13.1 mmol) in dichloromethane (32.9 mL)  was added (COCl)2 (2.26 
mL, 26.3 mmol, 2.0 equiv) followed by DMF (10.2 µL, 0.131 mmol, 0.01 equiv). The 
reaction mixture was warmed to ambient temperature and was stirred for 1 h. Upon 
completion, solvent was removed under reduced pressure, and crude product 2.50.C was 
obtained as a green oil (2.1 g, >98% crude yield). To a cooled (0 ºC) solution of the crude 
material (0.650 g, 3.90 mmol) in CH2Cl2 (13.0 mL) was added propargyl amine (0.50 mL, 
7.8 mmol, 2.0 equiv) drop wise followed by Et3N (0.71 mL, 5.1 mmol, 1.3 equiv). The 
reaction was brought to ambient temperature and was stirred for 5 hours. Upon 
completion, the reaction was quenched with water (10 mL) and the aqueous layer was 
extracted with CH2Cl2 (4 x 10 mL). The combined organic layers were washed with brine 
and dried over Na2SO4. The solvent was removed under reduced pressure, and the crude 
material was purified by column chromatography (EtOAc/hexanes 30%) to afford the 
O
OH
1. (COCl)2, DMF (catalytic), DCM
0 → 25 ºC
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CH2Cl2, 0ºC
(72 % yield)
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product 2.50.D as a yellow crystalline solid (516.6 g, 72% yield). 1H NMR (400 MHz, 
CDCl3) d 7.57 (dd, J = 8.04, 1.21 Hz, 1H), 7.47 (dd, J = 7.59, 1.44 Hz, 1H), 7.41 (td, J = 
7.64, 1.46 Hz, 1H), 7.30 (td, J = 7.52, 1.32 Hz 1H), 7.05 (dd, J = 17.47, 10.99 Hz, 1H), 
6.0 (s, 1H), 5.73 (dd, J = 17.40, 1.11 Hz, 1H), 5.37 (dd, J = 10.97, 1.09 Hz, 1H), 4.23 (dd, 
J = 5.32, 2.55 Hz, 2H), 2.27 (t, J = 2.56 Hz, 1H)13C NMR (400 MHz, CDCl3) d 168.84, 
136.1, 134.32, 134.3, 130.5, 127.8, 127.5, 126.4, 117.1, 79.2, 71.9, 29.7. 
 
N-(2-vinylbenzyl)prop-2-yn-1-amine 2.50.E. A suspension of the N-(prop-2-yn-1-yl)-2-
vinylbenzamide 2.50.D (0.740 g, 4.00 mmol) in THF ( 10 mL) was added to a solution of 
LiAlH4 (333.62 mg, 8.791 mmol, 2.2 equiv) in THF (8.8 mL) at 0 ºC, and the reaction was 
heated to reflux and stirred for 22 h. Upon completion, the reaction was cooled to 0 ºC, 
and MeOH was added followed by Rochelle salt (potassium sodium tartrate) (20 mL). The 
resulting reaction mixture was vigorously stirred at ambient temperature for 30 minutes. 
The aqueous layer was extracted with Et2O (4 x 10 mL). The combined organic layers 
were washed with brine, dried with MgSO4, and concentrated under reduced pressure. 
The crude product was purified by column chromatography using 1-10% MeOH/CH2Cl2 
to obtain a mixture of products including over reduction that co-eluted. 
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2-(2-(hydroxymethyl)phenyl)ethan-1-ol 2.51.B. Homopthalic acid 2.51.A (1.0 g, 5.5 
mmol) in THF (14.6 mL) was added over 20 minutes to a solution of BH3•THF at 0 ºC. 
The reaction was stirred for 22 h followed by 24 more hours at 40 ºC. Upon completion, 
the reaction was quenched with careful addition of MeOH followed by NaOH solution (1.5 
M, 20.0 mL). The reaction mixture was extracted with EtOAc (4 x 20 mL). The combined 
layers were washed with brine and dried over magnesium sulfate. Solvent was removed 
from the filtered solution under reduced pressure. The crude product was purified by flash 
chromatography with 40%–80% EtOAc/hexanes to afford product 2.51.B in 81% yield, 
0.683 mg. Spectroscopic data matched reported data.55 
 
isochroman-1-one 2.51.C. 2-(2-(hydroxymethyl)phenyl)ethan-1-ol 2.51.B (50.0 mg, 
0.328 mmol) was added to a solution of manganese dioxide (571.2 mg, 6.572 mmol) in 
CH3Cl2 (3.28 mL),  and the reaction was stirred until complete consumption of the starting 
diol. Upon completion, the reaction mixture was filtered, and the solid was washed with 
CH3Cl2. Solvent was removed under reduced pressure. The crude product was purified 
using flash column chromatography to afford the product 2.51.C in 90% yield, 44.5 mg. 
Spectroscopic data matched reported data.56 
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 CHAPTER 3 – ATTEMPTS ON, ON-RESIN FUNCTIONALIZATION OF PEPTIDES 
VIA PHOTOREDOX CATALYZED DECARBOXYLATION AND EPIMERIZATION-
FREE SYNTHESIS OF LACTOCIN S 
 
3.1 Introduction  
Bacterial infections have been identified as a major cause for human mortality rates 
throughout the years, and the efficacy of therapeutics is constantly challenged due to 
microbes developing resistance towards prolonged use of pharmaceutical drugs and the  
evolution of new strains of pathogens leading to new diseases.1 The growing demand for 
antibiotics with novel target molecules has also driven attention towards advancing the 
structural and functional analysis of peptides to achieve desired pharmaceutical 
activities.2 Moreover, among the commonly used therapeutic agents are those that have 
originated from peptides, such as Lupron, which is used to treat prostate cancer.3 
 Synthesis of functionalized peptides holds high potential in accessing biologically 
active molecules owed to many of the characteristics of peptides. The nature of the 
structure of peptides allows them to disrupt protein-protein interactions which may play a 
vital role in diseased cells and organisms.4 Moreover, site-selective protein modifications 
can be used as an important tool in intervening biological processes and systems.5  
Utilizing decarboxylative photoredox coupling to form thioether bridges was 
envisioned in achieving an epimerization free synthesis of functionalized lantibiotic, 
Lactocin S. This approach is expected to help to bypass epimerization, a commonly 
encountered challenge in lantibiotic synthesis. 
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 3.2 Biosynthesis of Lantibiotics  
Lantibiotics are an important class of small peptide antibiotics that are ribosomally 
synthesized by gram positive bacteria. These are polycyclic structures, and post 
translationally modified amino acids are characteristic of these peptides.6 There are 
several unusual amino acids and post-translationally modified motifs that are commonly 
encountered in different classes of lantibiotics that have been reported (Figure 3.1, 
adapted from van der Donk).2 Cysteine residues present at the C terminus tend to form 
modified residues such as AviCys (S-[(Z)-2-aminovinyl]-dcysteine) or AviMeCys (S-[(Z)- 
2-aminovinyl]-d-3-Methylcysteine), while Dha and Dhb residues when they are located in 
the N-terminus, immediately hydrolyze to generate OPr and OBu residues, respectively.7 
Opr (2-oxopropionyl) residues can be prone to further reduction to produce Hop 
residues.8 Furthermore, D-Ala residues can be generated from L-Ser via Dha residues as 
intermediates.9 Lysinoalanine bridges and hydroxylated aspartic acid residues are 
reported to be present in both cinnamycin and duramycin lantibiotics,10,11 while allo-
isoleucine residues are present in cypemycin peptides belonging to this class.12 
Moreover, two novel modified residues, mono- or dihydroxylated Pro and chlorinated Trp 
have been reported to be present in the antibiotic 1077891.13 
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 Lantibiotic nisin, produced by the gram positive bacteria, Lactococcus lactis was 
first discovered in 1927 by Rogers and co-workers.14 Among over 50 lantibiotics that have 
been discovered to date, nisin remains as the best explored and understood. Lactocin S 
is the least modified lantibiotic isolated to date while peptide 107891 is the most heavily 
modified of the lantibiotics that have been reported to date.15 Initially, lantibiotics were 
anticipated to be a small group of peptides with narrow therapeutic activity, and a much 
wider collection of peptides of this nature have emerged in the recent past expanding 
their structural and functional diversity.2  
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  Lantibiotic peptides contain characteristic thioether bridges that are biologically 
formed by the intramolecular addition of Cys thiols 3.2.A to dehydroalanine (Dha) 3.2.B 
and dehydrobutyrine (Dhb) 3.1.C residues (Scheme 3.2). The thioether bridges can be of 
lanthionine (3.2.D, Lan) or methyl lanthionine origin (3.2.E, MeLan).2,6 
 
 Illustrated in Scheme 3.3 is the biosynthesis of a representative lantibiotic, nisin, 
including the post-translational modification process. Precursor peptide NisA 3.3.A 
undergoes dehydration by the enzyme dehydratase to result in the modified peptide 
3.3.B, which has Dhb and Dha residues in place of Thr and Ser residues in the precursor 
peptide.  The leader sequence is proteolytically removed in the next step followed by the 
formation of the thioether bridges to deliver the final product, nisin A. However, it should 
be noted that the removal of the leader sequence is not observed with all types of 
lantibiotics.16 The role of the leader sequence of the lantibiotics, which tend to be 
proteolytically processed outside the cells, is proposed to be to prevent activation of the 
peptide until it exits the cell17 and those peptides are reported to express no antimicrobial 
activity.17,18 
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3.3 Classification of Lantibiotics 
Over 50 different lantibiotics have been isolated to date varying in their size, 
structure, composition, and mode of action. There are several different classifications 
introduced by different groups to classify the large array of lantibiotics that have been 
discovered. Pag and Sahl19 first suggested of a method which classified all lantibiotics 
into three classes (Class I, II, or III) based on the presence or absence of antibiotic activity 
and the pathway by which it undergoes post translational modifications. The final structure 
of the lantibiotic, peptide sequence of the leader peptide, and the function of the peptide 
are taken into consideration when classifying peptides into these classes. 
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 Lantibiotics classified under class I undergo modifications with the influence of two 
different enzymes, LanB and LanC. LanB is responsible for catalyzing the dehydration of 
Ser and Thr residues to generate the modified motifs. LanC facilitates the cyclization to 
deliver the native peptide. There are two additional enzymes that are involved with the 
class I lantipeptides; LanT, which is responsible for the exportation of the peptides, while 
Lan P mediates the cleavage of the leader sequence of these peptides. It should be noted 
that these peptides tend to be relatively more linear in structure compared to those that 
belong to the other classes. Nisin A,14 107891, pep5, epidermin and subtilin are few of 
the lantibiotics that have been categorized under class I (Figure 3.4).2  
As opposed to class I peptides, those that are classified into class II are both 
modified via dehydration and cyclized by one enzyme; LanM. Moreover, leader 
processing and releasing of the lantibiotic for class II peptides is also mediated by a single 
enzyme.19 In spite of the differences in functionality, exported enzymes involved with both 
class I and class II peptides are both termed as Lan T. A distinguishable character of 
some class II peptides is that they are two-component peptides, where two segments of 
peptides are combined in forming the final structure. Each of these component is encoded 
by different genes  and modified independently by different LanM enzymes.20 Interestingly 
however, a single enzyme is responsible for secreting and processing the leader 
sequences of both the segments. A few of the peptides belonging to class II are 
cinnamycin, lacticin 481, mersacidin, lactocin S, sublancin, lacticin 3147 A1, lacticin 3147 
A2, haloduracin a, and haloduracin b (Figure 3.4). 
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Van der Donk and co-workers, proposed the introduction of a class III, to 
categorize peptides comprising of lanthionine motifs that exhibit no significant antibiotic 
activity. These peptides may be responsible for other functions that are beneficial for the 
producing cell. Representative examples are SapB, produced by S. coelicolor21, AmfS 
produced by S. griseus22 and SapT secreted by S. tendae21b, c (Figure 3.4). 
It should be noted that Jung23 had also put forward a classification system where 
all lantibiotics are categorized in to two groups; Type A and Type B, based on the 
biological activity and the construction of the ring structures. Type A lantibiotics are 
established to be more linear, flexible peptides, are active against Gram-positive bacterial 
strains and, under certain circumstances, Gram-negative bacteria.24 They also participate 
in pore formation in biological membranes and carry an overall positive charge. Nisin, 
subtilin, epidermin and lacticin are a few examples.25  
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 Type B lantibiotics are described as compact structures with globular shapes 
containing multiple overlapping thioether linkages. As opposed to Type A peptides, these 
lantibiotics usually are neutral or negatively charged at pH 7, and are only active against 
Gram-positive bacteria. 24a 
3.4 Mode of Function of Lantibiotics 
According to the reports in literature, lantibiotics attack the target cells via different 
mechanisms.26 Many lantibiotics possess bacteriocidal properties against various gram-
positive bacteria.2 While effective against Gram-positive bacteria, lantibiotics rarely affect 
Gram-negative bacteria, due to their peripheral structural components; the outer 
membrane that prevents the lantibiotics from entering the cell.27 However, lantibiotics 
such as nisin S impact Gram-negative bacteria such as Neisseria meningitidis, 
Escherichia coli and Helicobacter pylori when used at high concentrations.28  
The mode of action for lantibiotics can take place via two distinctive mechanisms; 
through pore formation and inhibition of peptidoglycan synthesis.29 Some lantibiotics may 
use one or both of these mechanisms in expressing antibacterial activity.  
3.4.1 Pore Formation 
 
Formation of pores in the target cell membrane plays a major role in the 
mechanism of antibacterial activity expressed by lantibiotics. The pores formed are 
generally of 2 mm in diameter with a half-life of few or several hundreds of 
milliseconds.29,30 Nisin is one of the most extensively studied lantibiotics for the 
mechanism of pore formation. Earliest evidence on pore formation was reported by 
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 Ramseier and co-workers in 1960.
31 He observed that upon treating clostridial cells with 
nisin, intracellular compounds seemed to leak out of the cells.  
Moreover, Brötz29 and Breukink32 reported that nisin, in the process of pore 
formation, tends to bind with lipid II where the lipid acts as a docking molecule, to form 
pores more efficiently. Hsu and workers later elaborated this reactivity by discovering that 
nisin specifically binds to the pyrophosphate motif of lipid II via multiple hydrogen bonds.33 
The nisin/lipid interaction facilitates the insertion of the C-terminus of nisin through the 
membrane,34 resulting in an outflow of ions and other small intramolecular components, 
depolarizing the membrane and causing cell death. Lantibiotics in addition to nisin have 
been reported to demonstrate pore formation via a similar processes where they may 
differ in the types of interactions formed, behavior of the pores, and the efficiency at which 
they are formed.16 
3.4.2 Inhibition of Peptidoglycan Biosynthesis 
Causing cell death in target cells can also occur due to the inhibition of 
peptidoglycan, a constituent of the bacterial cell wall biosynthesis. Lipid I and lipid II are 
precursors in the biosynthesis of bacterial cell walls.35 During the inhibition process, 
lantibiotics bind to lipid I and II, interfering with the activity of enzymes transpeptidase and 
transglycosylase. The resulting inability to utilize lipid II results in inhibition the 
biosynthesis of the peptidoglycan layer. Nisin is a lantibiotic, that uses both pore formation 
and inhibition of peptidoglycan synthesis in expressing the antibacterial properties.36  
 
 
149 
 
 
 3.4.3 Other Functions 
In addition to bactericidal properties, some lantibiotics possess functions that are 
beneficial in different aspects. Lantibiotics of amphiphilic nature, such as SapT and SapB 
can act as biosurfactants which can assist the surfacing of fungal aerial hyphae assisting 
their morphogenetic expression .37 
Autolysis of some staphylococcal species, subsequently breaking down the cell 
walls of their dividing cells can be mediated by lantibiotics nisin and Pep5 according to 
the reports by Bierbaum and workers.38 Moreover, spore release of Bacillus and 
Clostridium species is inhibited by several lantibiotics such as nisin, subtilin and 
sublancin.39 A few of the lantibiotics participate in bacteriocidal activity via specific modes 
of action. Lantibiotics such as cinnamycin, duramycin and ancovenin exhibit limited 
antibacterial activity towards selected bacterial strains including Bacillus species. 
Duramycin acts by interfering with the protein translocation process40 and causing a 
retardation in the calcium uptake.41 Moreover, duramycins can hinder the transportation 
of potassium chloride and sodium ions42 while inhibiting the proton pumps associated with 
the target bacteria.43 Nukacin ISK-1, another lantibiotic, acts on target bacteria expressing 
bacteriostatic properties, where it does not disrupt the cell peripheral via the common 
mechanisms discussed, but, reduces the thickness of the bacterial cell walls resulting in 
imperfect septum formation, eventually precluding the growth of the target cells.44 
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 3.5 Applications 
As mentioned earlier, the usefulness of lantibiotics lies in their pharmaceutical 
properties that can be engineered to lead to important therapeutic agents. Many 
lantibiotics exhibit bacteriocidal properties against gram-positive bacteria at levels as low 
as nanomolar.2 There are also reports of lantibiotics that are active against oxacillin-
resistant gram-positive bacteria, methicillin-resistant Staphylococcus aureus species and 
enterococci strains that display resistance towards  vancomycin.45  
However, nisin is the only lantibiotic that is of commercial use to date, where it is 
used as a food preservative. Expanding its utility towards food packaging and exploring 
its potential in clinical applications is also being studied.45, 46 Streptococcus mutans is 
considered to be a major microbial agent responsible for dental caries; decayed teeth and 
dental cavities. Streptococcus mutans produce the lantibiotic, mutacin 1140 which has 
displayed activity against many bacterial strains belonging to the same species and holds 
the potential to be developed as an effective therapeutic agent to avoid dental caries.47 
Moreover, salivaricin A, produced by S. salivarius is promising to be used as a 
probiotic to avoid halitosis and to fight pathogens such as S. pyogenes in the oral cavity.48  
Some duramycins and cinnamycin act as effective inhibitors towards the enzyme 
phospholipase A2.49 Another likely application of duramycin is as a therapeutic agent to 
treat cystic fibrosis and other diseases associated with the respiratory system, via acting 
towards clearing the excess mucus secretions from the system.50 Duramycin is known to 
elevate the secretion of chloride ions in lung epithelium51 and has been in clinical trials to 
assess its ability in such diseases.50 
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 Cytolysin, a lantibiotic produced by enterococcal bacteria, in addition to acting 
against gram-positive bacteria, is also capable of lysing blood cells such as erythrocytes 
and polymorphonuclear leukocytes where they behave as virulence agents.52 
Furthermore, previously discussed morphogenetic activity exhibited by SapB and SapT 
lantibiotics towards structural modifications in fungi suggest that the biological activity of 
lantibiotics have been largely overlooked by restricting the biological assays to antibiotic 
activity.2 These findings further encourage and substantiate the importance of exploring 
the lantibiotics for diverse biologically activity.   
3.6 Chemical Synthesis of Lantibiotics 
Given the intriguing antibacterial and other therapeutic properties, and the 
challenging structural motifs of lantibiotics, their chemical synthesis has drawn the 
attention of the synthetic community. Synthetic methodologies carries the potential to 
effectively and efficiently introduce the unique structural features to the lantibiotics such 
as the ring motifs, fluorophores, and the unusual amino acids. Chemical synthesis of 
lantibiotics can be approached via two overarching strategies. The first involves initial 
lanthionine 3.2.D and methyl lanthionine 3.2.E bis-amino acids synthesis and then 
incorporation of them into the peptide in solution or solid phase peptide synthesis (SPPS). 
Alternatively, the thioether bridge can be formed after the synthesis of the linear peptide 
precursor.  
 Approaches for the synthesis of functionalized peptides and amino acids is a 
challenging task as epimerization is a common disadvantage encountered in most of the 
employed strategies in assembling the polycyclic structure via thioether bonds.53 
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 Currently employed synthetic methods are limited to the use of lanthionines in 
circumventing this challenge.54 Therefore, there is high demand for methods to synthesize 
these molecules via a more direct approach. Reported approaches in synthesizing 
lantibiotics include, solution and solid phase synthesis, biotransformation and biomimetic 
strategies, some of which will be discussed in detail in this chapter.54 
3.6.1 Synthesis of Thioether Bis-Amino Acids 
In this approach, the main focus is to first synthesize the lanthionine and the 
methyllanthionine bis-amino acids. It is important to obtain these motifs with intended 
stereochemistry at the a-carbon centers. Moreover, it is crucial that the two amino groups 
at the N-termni and the two carboxylic groups at the C-termini be protected orthogonally 
to enable coupling to the respective amino acids at different stages of the synthesis. 
Finally, the protecting groups used must be compatible with solid-phase or solution-phase 
peptide synthesis techniques.54 
3.6.1.1 Michael Addition of Dehydroalanine Residues 
Bradley and co-workers demonstrated the synthesis of lanthionines via a Michael 
addition of the free thiol of a protected Cys 3.5.B residue to the olefin of a Dha residue 
3.5.A, analogous to the biosynthesis (Scheme 3.5).55 However, this method is not 
stereospecific and the desired lanthionine 3.5.C was formed as a mixture of 
diastereomers, which were separated to obtain differentially protected lanthionines.  
 
Scheme 3.5. Synthesis of Lanthionine Moieties by Michael Addition
BocHN COOMe
HS
NHFmoc
COOAllyl
H
BocHN
S
COOAllyl
COOMe NHFmoc
H H
Cs2CO3 (cat.), MeCN
         72% yield
2:3 ratio of diastereomers3.5.A 3.5.B 3.5.C
 
 
153 
 
 
 3.6.1.2 Lanthionine Synthesis via Desulfurization 
 The earliest accounts on synthesizing lanthionine derivatives via desulfurization 
was reported by Harpp and Gleason to access (R,R)-lanthionine.56 Olsen and workers 
later extended this approach to deliver unsymmetrical lanthionines (Scheme 3.6).57  
The unsymmetrical lanthionine 3.6.D was synthesized by oxidizing the symmetric 
cystine 3.6.A and converting it to the corresponding thiosulfinate, 3.6.B followed by a 
subsequent displacement by an orthogonally protected cysteine derivative, 3.6.C 
(Scheme 3.6). The desired product 3.6.D was obtained in low to moderate yield with the 
symmetrical lanthionine derivatives as by products. 
 
Cavalier-Frontin and co-workers used a different approach to obtain a similar 
outcome (Scheme 3.7).58 They utilized a cyclic cystine derivative 3.7.A with orthogonally 
protected amino groups and subjected it to desulfurization to give the glycolic diester, 
3.7.B which was exposed to saponification to deliver the desired meso-lanthionine 3.7.C 
in a moderate yield. It should be noted that the final product is only protected at the amino 
terminus.  
Scheme 3.6. Desulfurization in Synthesizing Unsymmetrical Lanthionines
R2OOC
S
S
COOR1
NHP1
NHP1
H
H
R2OOC
S
S
COOR1
NHP1
NHP1
H
H1. mCPBA
HMPA P1HN S
COOR2
COOR1 NHP2
H H
25-52% yield
43-55% yield
R1 = Et or tBu P1 = Boc or Z or Troc
R2 = Et or tBu P2 = Boc or Z
3.6.A 3.6.B
3.6.D
HS
COOR2
NHP2
H
3.6.C
O
 
 
154 
 
 
 
 
Further investigations on this approach to access completely orthogonally 
protected lanthionines has not been reported, possibly due to the relatively low yields 
achieved as a result of inevitable by products, and difficulty in purification.57,58 Moreover, 
this method has also been reported to be incompatible with base sensitive protecting 
groups, which limits its applicability.59 This approach is further claimed to be a stereo 
random reaction hence making it less effective to be used in lantibiotics synthesis.  
3.6.1.3 b-Haloalanine Directed Lanthionine Synthesis 
 
Relative to the other methods of synthesizing the lanthionine and methyl 
lanthionine units, this approach has been extensively investigated by many groups. The 
first of many accounts was reported by Vigneaud and workers (Scheme 3.8) where they 
employed b-chloroalanine (3.8.A) with an unprotected cysteine (3.8.B) to produce the 
unprotected lanthionine (3.8.D).60 However, the use of harsh basic conditions in this 
reaction can be disadvantageous in that it may facilitate the generation of dehydroalanine 
3.8.C and further react with cysteine in a Michael addition to result in a mixture of 
diastereomers.61 An adaptation of this reactivity has been used by Shiba and workers to 
access all fours stereoisomers of b-methyl lanthionine with no racemization at the a-
center.62  
Scheme 3.7. Desulfurization of Cyclic Cysteine Derivatives in Synthesizing Unsymmetrical
Lanthionines
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Investigations by Tabor and workers further revealed that employing an analogous 
protected b-iodoalanine under even mild basic conditions such as Cs2CO3 also result in 
the competing formation of dehydroalanine.63 Moreover, the two diastereomers obtained 
was reported to be inseparable. 
Excitingly, use of both N and C termini protected b-bromoalanine 3.9.A with a mild 
base was reported to resolve the issues associated with the previous studies done using 
haloalanines by Schmidt and co-workers (Scheme 3.9).64 The use of bromoalanine 
derivatives was found to be ideal as they were adequately reactive with the sulfur 
nucleophile while being less reactive towards elimination to produce the undesired 
dehydroalanine product. The reactivity was further enhanced using phase transfer 
conditions, where tetrabutylammonium hydrogensulfate (TBAHS) was used as the phase 
transfer catalyst with NaHCO3 as the base to assist in accessing the orthogonally 
protected lanthionines as single diastereomers in high yields.  
 
Scheme 3.8. β-Chloroalanine Directed Lanthionine Synthesis
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 Narayan and VanNieuwenhze further developed the above conditions to access 
an orthogonally protected b-methyl lanthionine (Scheme 3.10).65 Methyl cysteine 
derivative, 3.10.C was synthesized from the aziridine 3.10.B via a regioselective ring 
opening. It was then reacted with protected bromoalanine 3.10.A to afford desired methyl 
lanthionine 3.10.D with significant amounts of dehydroalanine byproduct 3.10.E, but with 
no diastereomeric mixture of the product. Optimizing the Schmidt conditions to milder 
conditions did not seem to improve the outcome. These observations as opposed to that 
observed in the analogous lanthionine synthesis can be explained by the increased steric 
hindrance introduced by the presence of the methyl group, which reduces the reactivity 
of the sulfur. 
 
However, a major disadvantage associated with the Schmidt method is that the 
types of protecting groups that can be used with the amino acids used is limited. Although 
carbamate and ester protecting groups delivered successful reactivity, most other 
Scheme 3.10. β-Bromoalanine Directed β-Methyl Lanthionine Synthesis
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 sensitive protecting groups that are associated with peptide synthesis cannot be 
employed in this approach.  
 Martin and co-workers reported a synthesis of lanthionines involving a different 
type of protecting group, ivDde (Scheme 3.11).66 The protected alanine derivative, 3.11.B 
was obtained from ivDde-Ser-OAllyl, 3.11.A via a mesylation to afford the mesylated 
product 3.11.B in 92% yield. 3.11.B was then subjected to S-alkylation conditions with 
the C and N-termini protected cysteine 3.11.C to result in the lanthionine 3.11.D with 
extensive racemization at the C2 position. 
Interestingly, using the ivDde protecting group on the cysteine components 3.11.G 
and 3.11.F rather than on the alanine derivative under Schmidt conditions resulted in the 
desired products 3.11.H and 3.11.I as single diastereomers (Scheme 3.11). It should be 
noted that the low yield observed with the lanthionine 3.11.H is due to the instability of 
the Cys derivative 3.11.F. 
 
Based on the above discussed approaches to synthesize lanthionines and methyl 
lanthionines, it is evident that b-haloalanines and carbamate protected serine tends to 
generate the respective dehydroalanine as a byproduct. In addition to the methods 
Scheme 3.11. Lanthionine Synthesis with Alternate Protecting Groups
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 discussed above in circumventing this issue, use of trityl protecting groups on the amino 
group of serine has also been introduced as a possible solution.67 
 Dugave and Ménez reported the synthesis of lanthionine and methyl lanthionine 
by reacting cysteine, methyl cysteine, and penicillamine derivatives 3.12.D with trityl 
protected iodoalanine, 3.12.C, under mildly basic conditions to afford each desired 
product as a single diastereomer in good yield (Scheme 3.12).68  
 
Despite the above claims, Tabor and coworkers’ investigations on a similar system 
resulted in a rather different outcome. They carried out extensive studies on regio- and 
stereochemical outcome of the generation of iodoalanine precursor using detailed 
techniques such as VT, HMBC and HSQC NMR experiments (Scheme 3.13).63 It was 
revealed that a rearrangement takes place through aziridine intermediate 3.13.C during 
the generation of the iodoalanine 3.13.B from mesylate, 3.13.A affording a-iodo-b-alanine 
3.13.D as the major product. This observation contradicts the reports that stated that the 
desired product is obtained as rotomers of a single diastereomer.68 The preference for 
the a-attack on intermediate 3.13.C is likely a result of the increased electrophilicity at the 
a-carbon, which is adjacent to the ester group. The final step in forming the lanthionine 
Scheme 3.12. Lanthionine Synthesis with Trityl Protected Haloalanines
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 resulted in undesired nor-lanthionine 3.13.F as diastereomers  along with the desired 
product (3.13.E) as an inseparable mixture. 
 
Driven by these observations, Tabor and co-workers investigated on two additional 
methods using the Mitsunobu reactivity.69 ADDP and Me3P with zinc tartrate were used 
in place of the typical Mitsunobu conditions of Ph3P and DEAD, to afford lanthionines. 
Mitsunobu conditions were later employed to obtain the desired lanthionine avoiding the 
formation of the undesired a-iodo-b-alanine byproduct (Scheme 3.14). Iodoalanine 
3.14.B was synthesized from protected serine 3.14.A, which was then reacted with a 
protected cysteine and Cs2CO3 to obtain fully protected lanthionine 3.14.C. Upon 
deprotection, the desired lanthionine 3.14.D was generated and could be directly 
employed in SPPS.  
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Scheme 3.13. Rearrangement of Trityl Iodoalanine Derivatives via Aziridine Formation
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 In conclusion, b-haloalanines can potentially be employed as a good method to 
access orthogonally protected lanthionines. However, it is not applicable for all 
combinations of protecting groups and may interfere with some electrophilic and 
nucleophilic components. Steric factors of the molecules used can impact this approach 
along with the possibility of side pathways directed towards elimination or rearrangement.  
3.6.1.4 Ring Opening of Lactones, Aziridines and Sulfamidates 
 Vederas and co-workers reported an alternative approach in synthesizing 
lanthionines, initiated by b-lactones.70 Lactone 3.15.B was synthesized via the 
established Mitsunobu conditions from serine 3.15.A, which upon deprotection resulted 
in 3.15.C. The lactone 3.15.C was then reacted with an unprotected cysteine 3.15.D to 
deliver the unprotected lanthionine 3.15.E in good yield (Scheme 3.15). 
 
Goodman and co-workers later developed this method to access orthogonally 
protected lanthionine derivatives.71 This method was also successful in accessing 
sterically hindered lanthionine derivatives.71 
A few accounts have reported employing aziridine ring opening  in lanthionine 
synthesis. Nakajima and co-workers approached the synthesis of lanthionine 3.16.B and 
methyl lanthionine derivatives via a ring opening of the aziridine 3.16.A, catalyzed by BF3-
Scheme 3.15. Ring Opening of Lactones in Synthesizing Lanthionines
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 OEt2 (Scheme 3.16).
72 However, the yield of the desired product via this method was not 
satisfactory, and therefore, no further investigations on this reaction have been reported. 
 
 The Vederas group also demonstrated the use of ring opening of cyclic 
sulfamidates to access lanthionines via a different approach.73 Cyclic sulfamidates 3.17.A 
utilized were synthesized from serine, threonine or allo-threonine derivatives which were 
eventually ring opened with protected Cys in the presence of Cs2CO3 to afford the desired 
lanthionines and methyl lanthionines 3.17.B. Allyl and alloc protecting groups 
incompatible with the reaction conditions required to form the sulfamidates, and Fmoc 
removal from the Cys was observed during the ring opening. However, competing 
elimination was not encountered under the ring opening conditions.  
 
Peregrina and co-workers have also reported a similar synthetic approach to synthesize 
a-methyl nor-lanthionine derivatives.74 
Scheme 3.16. Ring Opening of Aziridines in Synthesizing Lanthionines
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 3.6.2 Synthesis of Lantibiotics and other analogues 
As opposed to the previously discussed approach to access lantibiotics through 
the initial synthesis of lanthionine derivatives, few accounts have reported attempts to 
assemble these peptides starting from their linear peptide precursor. Challenges in 
achieving regioselectivity and stereoselectivity encountered in the lanthionine approach 
can potentially be minimized in forming the thioether linkages between the side chains of 
a liner peptide. However, this method may come with a different set of challenges such 
as, difficulties associated with assembling a cyclic peptides from its linear precursor. It 
should also be noted that there are only a few accounts on the total chemical synthesis 
of lantibiotic peptides.  
3.6.2.1 Solution Phase Synthesis of Nisin via Desulfurization 
 Shiba and co-workers reported a total synthesis of lantibiotic nisin which they 
achieved in solution phase.75 The key reaction involved in this synthesis is a 
desulfurization performed on a cyclic-disulfide bridged peptide intermediate. This 
approach was adapted from the desulfurization method of lanthionines demonstrated by 
Harpp and Gleeson.76 The peptide nisin was assembled by condensation of each cyclic 
peptide part containing the lanthionine moieties that were synthesized individually from 
the respective linear peptides. For example, synthesis of ring A of nisin is illustrated in 
(Scheme 3.18). 
As demonstrated in Scheme 3.18, once a cyclic-bridged peptide moiety 3.18.A is  
assembled, the disulfide linkage is subjected to desulfurization using hexaethyl 
phophorous triamide to obtain the cyclic peptide 3.18.B with thioether linkages.77 
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 Subsequent installation of dehydroalanine peptide residue was obtained by deprotection 
followed by Hoffman degradation of the diaminopropionic acid. Deprotection of the 
diaminopropionic acid derivative of 3.18.B via hydrogenation proceeded successfully to 
give the desired residue 3.18.C in good yield despite the presence of a thioether linkage. 
Then, Hoffmann degradation, proceeded through an N-methylation followed by an 
elimination to subsequently deliver the Dha residue in 3.18.C.  
Dhb residue at the N-terminus of the sequence 3.18.D of nIsin was subsequently 
obtained by installing Ile and Thr residues and subjecting it to elimination conditions with 
EDC/CuCl2.78 All the other ring systems of nisin were also assembled using a similar 
approach and are successively segment-coupled followed by deprotection to deliver the 
desired nisin lantibiotic.  
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 3.6.2.2 Solid-Phase Lantibiotic Synthesis Using Bis-amino Acids 
  A few reports have demonstrated the utility of SPPS in assembling lantibiotic 
peptides. This approach could be advantageous in that it allows the installation of unusual 
amino acids directly to the linear peptide, also minimizing the challenges associated with 
condensing individual peptide segments.79 It also provides the possibility to employ pre-
synthesized lanthionine moieties with suitable protecting groups which assist in avoiding 
the regio- and stereoselectivity challenges that are encountered in other approaches 
discussed. 
The earliest report on solid phase synthesis of lanthionine containing peptides was 
reported by Ösapay and Goodman where the synthesis was performed on an Oxime resin 
using (PCOR) method.80 This method is limited to the synthesis of lantibiotic peptides 
containing a single lanthionine bridge and also requires using solution phase reactivity in 
the event of performing an extension at the N-terminus of the peptide sequence. Despite 
these limitations, in terms of synthetic utility, this method was successful in delivering the 
desired peptides with good stereo- and regioselectivity and excellent yields.54 Synthesis 
of several different peptides with therapeutic values such as analogues of somatostatin 
and enkephalins have been synthesized using this method.80 
Tabor and coworkers introduced a different approach to this method intending to 
ameliorate some of the challenges associated with the PCOR method, using alternative 
orthogonal protecting groups54. Vederas and workers recently utilized this approach to 
perform a solid phase synthesis of Lactocin S which is the first report on the solid phase 
synthesis of a naturally occurring lantibiotic (Scheme 19).81  
 
 
165 
 
 
 In this approach the lanthionine moiety 3.19.B is pre-formed using the approach reported 
by Zhu and Schmidt which was discussed earlier64 in Scheme 3.9 and was directly 
introduced to 2-chlorotrityl polystyrene resin. The peptide was then elongated on the resin 
using standard Fmoc SPPS protocols. Ring A of Lactocin 3.19.F was assembled by 
selective deprotection of the Allyl and Alloc groups of the lanthionine moiety of the 
intermediate 3.19.D, followed by Fmoc removal, subsequently cyclizing the linear peptide 
in the presence of PyBOP (benzotriazol-1-yl-oxytripyrrolidinophosphonium 
hexafluorophosphate). 
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 Elongation of the cyclic peptide via SPPS, starting at the unprotected N terminus 
resulted in the intermediate peptide with the second protected lanthionine. Repeating the 
previous sequence of reactions afforded the intermediate structure 3.19.G with rings A 
and B of the desired lantibiotic. Next, the peptide was further elongated on SPPS to obtain 
the required sequence followed by cleavage from the resin and removal of the protecting 
groups from the side chains to afford the desired Lactocin S in an excellent yield of 10% 
over 71 steps.  
3.7 Decarboxylative Photoredox Coupling for the Synthesis of Unusual Amino Acids 
and Peptides 
 
MacMillan and workers recently reported an elegant approach to synthesize 
macrocyclic peptides using decarboxylative photoredox catalysis.82 They developed a 
method to cyclize linear peptides with a free C-terminus and Michael acceptors at the N-
terminus using an Ir photocatalyst. The same group had demonstrated this reactivity on 
small molecules as well, where a-sp3 carboxylic acids were employed as precursors for 
reactive radical species to react with various functional groups acting as nucleophiles to 
from C-C bonds. Illustrated in scheme 3.20 is one such example where decarboxylative 
photoredox conjugate addition was employed to obtain the coupling product 3.20.C from 
the respective acid 3.20.A and the Michael acceptor 3.20.B.83 
 
 Fu and co-workers demonstrated the synthesis of unusual chiral a-selenoamino 
acids in a different approach, also using a photoredox catalyst (Scheme 2.21).84 N-
Scheme 3.20. Photoredox Mediated Decarboxylative Conjugation Addition
N
H
CO2H
OEt
O
N
H
OEt
O
Ir –CO2
3.20.A 3.20.B 3.20.C
 
 
167 
 
 
 Acetoxyphthalimide derivatives of aspartic and glutamic acids 3.21.A were used as 
decarboxylative radical precursors to react with the diselenide radical acceptors 3.21.B.   
A ruthenium catalyst was employed to obtain this reactivity as opposed to the Ir catalyst 
used in the previous approach, and the reaction proceeded in a similar manner. They 
performed the reaction with differently substituted diselenides to obtain selenocysteine 
derivatives in (85%–42% yields) and demonstrated its utility on a dipeptide. 
 
The above discussed photoredox decarboxylative coupling reactivity carries the 
potential to be optimized to achieve similar transformation in forming C-S bonds in place 
of the above mentioned C-C or C-Se bonds and can potentially be employed to access 
amino acids and unusual moieties of peptide origin with the presence of Sulfur. 
3.8 Attempted Epimerization Free Synthesis of Lactocin S  
Synthesis of unusual amino acids and functionalized peptides avoiding 
epimerization at the a-stereocenter is challenging, and therefore, novel strategies to 
achieve this task are high in demand. Utilizing the recently published approaches on 
Scheme 3.21. Decarboxylative Photoredox Reacitivity to Synthesize Chiral α-Selenoamino Acids
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 decarboxylative  photoredox chemistry coupled with cysteine derivatives to deliver C-S 
bond formation in accessing unusual amino acids derived from Asp residues was 
envisioned. If successful, we propose using this reactivity to access the thioether linkages 
in lantibiotic peptides. Studies have been reported on introducing different groups to 
amino acids via similar approaches;84 however, it was proposed that it would be more 
versatile if this approach could be applied to peptides. This method will serve as an 
excellent method to access thioether linkages, which are inherent to peptides belonging 
to lantibiotic family that can eventually be utilized as an elegant method in accessing 
challenging lantibiotic peptides. The major focus was on utilizing this method to make 
thioether linkages leading to epimerization free synthesis of lactocin S, a lantibiotic that 
holds pharmaceutical value. 
A method was proposed where these lantibiotics can be easily accessed via a 
photo-redox decarboxylative cyclization (Scheme 3.22) which was expected to address 
the current limitations leading to the synthesis of these molecules. Initial efforts were 
sought to investigate this reactivity on solid phase, and therefore, formation of the 
thioether bridges was designed to be executed in a sequential fashion alternating with the 
elongation of the peptide via SPPS . 
The part of the peptide containing the amino acid sequence 3.22.A, that belongs to 
the first cyclic segment would be designed to be synthesized via SPPS. The two amino 
acids that would react during the proposed decarboxylative photoredox reaction are also 
incorporated in this sequence during SPPS as side-chain-protected amino acids. The 
initial design included using a -StBu protected Cys and an -OAllyl protected Asp residue 
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 as the reactive amino acids. Once the SPPS was completed to the desired length, 
deprotection of the -OAllyl group followed by exposing the peptide with the free acid side 
chain to photoredox conditions was anticipated to generate an alanyl radical 3.22.B. It 
was hypothesized that this alanyl radical can be trapped by the disulfide protected Cys in 
a radical mechanism to deliver the intermediate cyclic peptide 3.22.C. The sequence of 
elongation, deprotection and photoredox decarboxylation performed for a second time, 
followed by elongation including the installation Dhb amino acid was expected to afford 
the desired peptide lactocin S.  
 
While the above design was the initial design, the target lantibiotic was expected to 
be accessed via several alternative routes and the possibility of obtaining the reactivity in 
both solid and solution phase was explored.  
3.8.1 Feasibility Study for Thioether Linkage formation 
 
O O S
H2N
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 Prior to attempting this reactivity on the peptide itself, a feasibility study where 
photoredox chemistry was performed on single amino acids in an intermolecular reaction 
to achieve thioether linkages or similar coupling reactivity was sought to be conducted. 
These reactions were attempted in solution, and both Ir and Ru photoredox conditions 
were tested. Exposing a side chain free protected Asp acid 3.23.A to Ir photoredox 
conditions to react with a diselenide and Bu3SnH is illustrated in Scheme 3.23. 
 
The desired product was not observed with diphenyldiselenide, which may not have 
been reactive enough under the reaction conditions employed to react with the alanyl 
radial generated. However, the desired product for the reaction with Bu3SnH was 
observed by crude NMR.  
Next, was attempted the Ru conditions. As had been reported, the radical precursor 
for these conditions requires an N-acylphthalimide 3.24.B, and this was synthesized by 
reacting a protected free side chain Asp 3.24.A with N-hydroxyphathalimide.  
 
Scheme 3.23. Decaroxylative Photoredox Coupling on N and C Terminus Protected Asp
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 Incorporating the Asp-Ophth derivative 3.24.B into the peptide sequence during 
SPPS, for which it requires a free C terminus was envisioned. However, attempts to 
deprotect the -tBu group of the C-terminus of 3.24.B prior to the photoredox reaction 
resulted in an unexpected cyclization to afford the cyclic anhydride 3.25.B when treated 
with 30% TFA (Scheme 3.25).  
 
This observation suggest that the phthalimide protected acid group on the side chain 
is reactive towards the free acid group on the C terminus and readily reacts to form an 
undesired furandione 3.25.B making it impossible to be used in SPPS coupling. 
Therefore, the photoredox reaction with the Ru catalyst could not be attempted on the 
amino acid 3.25.A with a deprotected C terminus. However, the fully protected amino acid 
3.26.A was observed to react well with diphenyldiselenide to deliver the desired product 
3.26.B in good yield as had been reported by Fu and workers (Scheme 3.26).84 
 
 Since the Ru conditions were observed to be less feasible to be used with SPPS, 
next was sought to test the Ir photoredox conditions on the first cyclic segment of Lactocin 
Scheme 3.25. Unexpected Cyclization of N-Acetoxyphthalimide Derivatives Upon C-terminus Deprotection
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 S and model peptides. First, the reaction was performed on the first segment of lactocin 
S 3.27.A while the peptide was still on solid phase, and the reaction was attempted with 
and without an Fmoc protected N-terminus (Scheme 3.27). Photoredox coupling 
reactions were attempted following the deprotection of the side chain acid group. These 
reactions were performed on various resins, including CTC, Wang, and TGT-ChemMatrix. 
However, no promising reactivity was observed in the photoredox coupling step as 
observed by HPLC.  
Challenged by this reaction outcome, the same reaction was attempted in a different 
approach where side chain protected serine was incorporated in place of Asp-OAllyl 
(Scheme 3.28). The peptide was synthesized on Wang resin. Trt- protected serine side 
chain on the peptide 3.28.A was transformed to a TCDI protected side chain 3.28.B 
following the Trt- removal. The thermal radical initiation with tBuSH and AIBN was 
envisioned to facilitate the formation of the desired thio-ether linkage affording the cyclic 
peptide 3.28.C. This reaction was also attempted in the presence and absence of an N-
terminus protecting group.  
 
Scheme 3.27. Attempted Decarboxylative Photoreduction to From Thio-ether Bridges
YDAKHHC
Boc
Trt
Trt StBu
Oallyl
RHN
 Pd(dppf)Cl2
 PhSiH, DMSO
tBu
R = H, Fmoc3.27.A 3.27.B
YAAKHHC
Boc
Trt
Trt
RHN
S
 Ir[dF(CF3)ppy)]2(dtbbpy)PF6
    K2HPO4, DMF, 36 h
    Ar, Irradiation tBu
YDAKHHC
Boc
Trt
Trt StBu
OH
RHN
tBu
3.27.C
YSAKHHC
Boc
Trt
Trt
FmocHN
S
tBuSH, AIBN
Toluene, 80 ºC
tBu
YSAKHHC
Boc
Trt
Trt StBu
FmocHN
1. 1% TFA/DCM
2. TCDI, MeCN
3. 20% piperidineOTrt
tBu
wang
wang
YSAKHHC
Boc
Trt
Trt StBu
FmocHN
OIm
S
tBu
wang
3.28.A 3.28.B 3.28.C
Scheme 3.28. Attempted Thermal Cyclization of a Small Peptide to From Thio-ether Bridges
 
 
173 
 
 
 However, all attempts in cyclizing the first segment of Lactocin S on solid phase 
by forming a thioether bridge was unsuccessful. These observations can be accounted 
for several reasons. Performing the cyclization under both photoredox and thermal 
conditions on solid phase can potentially be challenging due to lower surface area of the 
peptide that is exposed to participate in the reaction due to restricted mobility in solid 
phase, and the inability to maintain the concentration as desired. Moreover, poor light 
penetration into the peptide can also interfere with the reactivity in solid phase. 
The reaction involves both an intermolecular and an intramolecular step. The 
initiation via deprotonation of the side chain acid, followed by SET process to generate 
the alanyl radical is an intermolecular process, while the decarboxylative coupling step 
takes place intramolecularly. Pseudo dilution effect facilitate cyclization of resin bound 
peptides in a concentrated environment via site isolation thereby mimicking a diluted 
system. However, it could still be challenging to drive this reaction towards cyclization 
under pseudo high dilution. It is also challenging to alternate the concentration 
appropriately to suit each process, when the reaction is run as one individual process, 
and also when the peptide is on solid phase. Ideally, an initial high concertation would 
facilitate the first step in generating the alanyl radical and diluting the reaction can 
presumably assist the intramolecular cyclization minimizing any intermolecular side 
reactions. However, since the overall reaction was run in one single step, it is challenging 
to identify when the reaction must be diluted. Considering all the possible obstacles, the 
observations made on cyclization on solid phase seem reasonable.  
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  Challenged by these observations next was envisioned to attempt this reactivity in 
solution phase which could potentially improve the reaction outcome. A small model 
peptide was employed in these experiments. A photoredox reaction conditions on solution 
phase on a peptide that was synthesized on rink-amide (Scheme 3.29) was sought to 
attempt. Although the C-terminus is obtained as an amide functionality using rink-amide 
resin, which is different to the original C terminus of Lactocin S, the intention was to see 
if any reactivity can be observed with regard to cyclization. The reaction was attempted 
with protected and free amine in the N-terminus. Interestingly, partial conversion was 
observed in the reaction under the reaction conditions employed. That is, decarboxylated 
product 3.29.B from the starting peptide 3.29.A was observed by HPLC, confirming partial 
reactivity of the decarboxylative photoredox reaction. However, further reactivity to cyclize 
with the Cys side chain was observed to be very insignificant.  
 
Various other optimizations were attempted in efforts to improve the reactivity 
towards the desired product such as using alternative bases in place of K2HPO4, 
conducting the experiment at increased temperatures and diluting the reaction mixture to 
facilitate the cyclization. However, no significant improvement in the reaction outcome 
was observed. 
  It was interesting to see that Macmillan and co-workers had recently reported that 
their approach discussed above (Scheme 3.20), can also be successfully used to cyclize 
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 peptides of 3-15 amino acids (Scheme 3.30) and its utility was demonstrated by the 
synthesis of a biologically active macrocyclic peptide COR-005, which is a somatostatin 
analog in 56% yield. 
 
 They also proposed a mechanistic hypothesis, where the reaction mixture with 
Ir[dF(CF3)ppy]2(dtbbpy)PF6, and the linear peptide 3.31.A is irradiated by visible light to 
bring the photoredox catalyst to its excited state which is also a strong oxidant.85 This 
excited catalyst can perform a selective SET on the terminal carboxyl group of the peptide 
to generate a carboxyl radical which undergoes decarboxylation to result in the a-amino 
radical 3.31.B and the reduced photocatalyst. The radical intermediate then reacts with 
the pendant Michael acceptor in the N terminus to result in the macrocycle with an a-acyl 
radical 3.31.C. A subsequent SET reduction of the macrocycle 3.31.C, by the reduced  
catalyst results a macrocyclic enolate which will deliver the desired macrocycle 3.31.D 
upon protonation (Scheme 3.31). 
Scheme 3.30. Photoredox Mediated Decarboxylative Conjugation Addition to Synthesize Cyclic Peptides
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They further demonstrated the broad applicability of this method by performing the 
reaction on accessing peptide macrocycles of various length, amino acid patterns and 
side chains.  
3.9 Summary 
Lantibiotics are an important class of peptide antibiotics which target non-traditional 
biological pathways. Approaches for the synthesis of functionalized peptides and amino 
acids is a challenging task as epimerization is a common disadvantage encountered in 
most of the employed strategies. Therefore, new epimerization free methods of 
synthesizing these peptides can serve as important approaches to access these 
otherwise challenging target molecules . A method where these lantibiotics can potentially 
be accessed via a photo-redox decarboxylative cyclization was proposed, which was 
expected to address the current limitations leading to the synthesis of these molecules.  
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 The synthesis was attempted via several different approaches in both solid and 
solution phases. However, all our attempts to drive the complete reaction in solid phase 
was not promising. This can be accounted for various reasons such as the folding of the 
peptide in solid phase, the chemical reactivity of the resins used and concentration issues 
associated with solid phase peptides. As an alternative method this reactivity was 
attempted in solution with relatively short model peptides and it was partially successful 
resulting in the conversion of the starting peptides to the decarboxylated intermediate. 
However, no significant formation of the cyclized peptide was observed.  
These observations are further clarified by the selective decarboxylative 
macrocyclization of peptides and small molecules reported by MacMillan and workers82 
where the initial radical generated is always an a-aminyl radical as opposed to the 
attempted generation of an alanyl radical. The generation of an alanyl radical is much 
slower than that of an a-aminyl radical as it is less stable, and this may have caused the 
observed low reactivity via an alanyl radical.  However, different reaction conditions have 
been reported to have successfully driven decarboxylative photoredox coupling via an 
alanyl radical as well. Therefore, further optimization of this reactivity hold the potential to 
lead to promising reactivity that can be of great use in synthesizing these thioether 
linkages in cyclic peptides. 
3.10 Materials and Methods 
Unless otherwise specified, all commercially available reagents were purchased from 
Sigma-Aldrich and used without further purification. Anhydrous Et2O, MeCN, DMF, 
DMSO, CH2Cl2 were purchased from Fisher. These were passed through a commercial 
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 solvent purification system (2 columns of alumina) and used without further drying. 
Hu ̈nig’s base was distilled over CaH2 immediately prior to use. All amino acids were 
purchased from Chem-Impex Int’l. Inc. unless otherwise noted. HATU were purchased 
from Chem-Impex Int’l. Inc. Unless otherwise noted, all reactions were performed in 2 mL, 
5 mL and 10 mL Biotage reactor vials with PTFE frit (depend on reaction volume) at room 
temperature. All yields refer to chromatographically and spectroscopically pure products. 
All HPLC analyses and purifications were performed on a Custom Reverse Phase 
Shimadzu Liquid Chromatograph Mass Spectrometer (LCMS-2020), which can toggle 
between analytical and semi-preparative columns. This instrument has a photodiode 
array (PDA) detector (D2 & W lamp), which collects a range of wavelengths, in place of 
a traditional single channel UV detector. RP-HPLC-MS mobile phases (MeCN and H2O) 
contained 0.1% Formic Acid. Analytical HPLC was performed on a Phenomenex Kinetex 
C18 column (5 μm, 250 x 4.6 mm) and a Thermo Scientific Hypersil Gold C8 column (5 
μm, 250 x 4.6 mm). Semi-Preparative HPLC was conducted using a Thermo Scientific 
Hypersil Gold C8 column (5 μm, 150 x 10 mm). All peptide yields are calculated based 
on the final loading. 
Fmoc-SPPS General Information. Solid-phase peptide synthesis was executed on a 
Biotage Isolera+ semi-automated synthesizer with microwave heating. 
§ Reactor Vials [Vial size (Volume range allowed)]: 2 mL reactor vial (0.8-1.1 mL), 5 
mL reactor vial (1.6-3.2 mL), and 10 mL reactor vial (3.2-6.4 mL) 
§ Swelling + Heat: DMF was added and vortexed at 1200 RPM for 20 m at 70 ºC. 
The solvent was then removed over 1 m followed by two DMF washes (DMF was 
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 added and the suspension was vortexed at 600 RPM for 45 s, followed by the 
removal of solvent (over 2 m). 
§ Coupling: A solution of Fmoc-aa-OH (3 equiv), HATU (3 equiv), and DIPEA (6 
equiv) in DMF was made immediately prior to addition to the reaction vial 
containing the resin. Once the solution was added, the suspension was heated to 
75 ºC (except for Fmoc-Cys-OH which was heated to 50 ºC) for 5 minutes with a 
vortex rate of 1200 RPM. After the reaction, the solution was removed (over 2 m) 
and the resin was rinsed with DMF 4 times (after addition of DMF, the suspension 
was agitated at a vortex rate of 1200 RPM for 1 m, solvent removal was at a rate 
of 2 m). 
§ Fmoc Removal (Deprotection): The reactor vial was filled with 20% piperidine in 
DMF. The suspension was vortexed at 1200 RPM for 3 m at RT. The solvent is 
removed followed by addition of 20% piperidine in DMF. The suspension is 
vortexed again at 1200 RPM for 10 m at RT. The solvent was removed over 2 m, 
followed by 4 DMF washes (after addition of DMF, the suspension was agitated at 
a vortex rate of 1200 RPM for 1 m, solvent removal was at a rate of 2 m). 
§ Wash: DMF was added to the reaction vial and agitated at a vortex rate of 1200 
RPM for 1 min. The solvent was removed over 1 m and repeated for a total of 4 
times. 
§ Final Wash: Resin was rinsed with CH2Cl2 (3 x 1 mL) and MeOH (3 x 1 mL). 
§ Drying for Storage/Weighing: After the final wash, the resin was placed on the 
lyophilizer overnight for drying. 
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 General Procedure for Capping - First, 25% acetic anhydride in DMF (3 mL) was added 
and agitated for 5 min. Then,1.5 eqiuv. of DIPEA was added to the reaction and agitated 
for 30 min. Finally, the reaction solution was filtered and the resin was washed with DMF 
(5 x 3 mL). 
Procedure for Resin Loading Analysis. Initial and final loading of resin was analyzed 
based on amount of Fmoc group. 
Fmoc Deprotection – 10 mg of the resin was weighed out and swelled in DMF in the 
peptide synthesizer. Then, 1.00 mL of 20% piperidine in DMF was added and it was 
allowed to vortex in the peptide synthesizer at room temperature for 3 min. After 3 min, 
the filtrate was collected in to a separate tube, another 1.00 mL of 20% piperidine in DMF 
was added to it and allowed to vortex in the peptide synthesizer at room temperature for 
10 min. The resulting filtrate was collected to the same tube and the deprotected resin 
was washed with DMF (4 x 1.75 mL). 
Sample preparation for UV analysis – From the collected ”deprotection solution” above, 
100 μL was transferred in to an Eppendorf tube and it was diluted with 900 μL of DMF. 
The resulting diluted sample was used to get the absorbance at 301 nm versus a DMF 
blank using a UV spectrometer with 1 cm cuvette. 
3.11 Experimental Procedures  
 
 
    Ir[dF(CF3)ppy)]2(dtbbpy)PF6
      
      (PhSe)2, DMF, 36 h
   Ar, LED
O
H
N
O
tBu
Se
Fmoc
Ph
O
H
N
O
tBu
O
OH
Fmoc
3.23.A 3.23.B
 
 
181 
 
 
 tert-butyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3 
(phenylselanyl)propanoate. 3.23.B. To a 1 dram vial were measured Fmoc-Asp-OtBu 
3.23.A (100.0 mg, 0.2430 mmol), (Ph-Se)2 (75.9 mg, 0.243 mmol), 
Ir[dF(CF3)ppy)]2(dtbbpy)PF6 (2.7 mg, 0.0024 mmol, 0.01 equiv), and K2HPO4 (50.8 mg, 
0.292 mmol, 1.2 equiv) followed by DMF (0.61 mL). The reaction was degassed with Ar 
for 15 minutes and was stirred for 36 hours while irradiating with 36 W CFL lamp. After 
36 hours, the reaction was diluted with EtOAc, filtered and solvent was removed under 
reduced pressure. Desired product 3.23.B was not observed by crude NMR spectroscopy 
or by LCMS. 
 
tert-butyl (((9H-fluoren-9-yl)methoxy)carbonyl)-L-alaninate. 3.23.C. To a 1 dram vial 
were measured Fmoc-Asp-OtBu 3.23.A (50.0 mg, 0.122 mmol), Bu3SnH (35.4 mg, 0.122 
mmol, 1.0 equiv), Ir[dF(CF3)ppy)]2(dtbbpy)PF6 (1.36 mg, 0.00120 mmol, 0.01 equiv, and 
K2HPO4 (25.4 mg, 0.146 mmol, 1.2 equiv) followed by DMF (0.304 mL). The reaction was 
degassed with Ar for 15 minutes and was stirred for 36 hours while irradiating with  36 W 
CFL lamp. After 36 hours, the reaction was diluted with EtOAc and filtered using a syringe 
filter. Formation of product 3.23.A was indicated by LCMS.  
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 (S)-2-(((3-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-(tert-butoxy)-4-
oxobutanoyl)oxy)carbonyl)benzoic acid. 3.24.B. N-hydroxyphthalimide (436 mg, 2.67 
mmol, 1.1 equiv) was added into a solution of Fmoc-Asp-OtBu 3.24.A (1.00 g, 2.43 mmol) 
in anhydrous THF (5.5 mL) and stirred for 10 minutes. Next was added HATU (1.02 mg, 
2.67 mmol, 1.1 equiv) and Hünig’s base (346 mg, 2.67 mmol, 1.1 equiv) and the reaction 
was stirred for 24 hours. Upon completion, the reaction was filtered and the solvent was 
removed under reduced pressure. Crude product was purified by column chromatography 
(EtOAc/hexanes – 30%) to obtain the product 3.24.B (866 mg, 64% yield). Rf =0.5 (30% 
EtAOc/hexanes). 1H NMR (400 MHz, CDCl3) d 7.86 (ddt, J = 35.24, 5.46, 3.08 Hz, 4H), 
7.70 (dd, J = 49.09, 7.50 Hz, 4H), 7.35 (m, 4H), 5.92 (d, J = 7.88 Hz, 1H), 4.69 (dt, J = 
8.27, 4.47 Hz, 1H), 4.39 (qd, J = 10.45, 7.52 Hz, 2H), 4.27 (t, J = 7.34 Hz, 1H), 3.32 (qd, 
J = 17.09, 4.51 Hz, 2H), 1.51 (s, 9H); 13C NMR (101 MHz, CDCl3) d 168.4, 167.3, 161.6, 
155.9, 143.8, 141.3, 134.9, 128.8, 127.7, 127.1, 125.3, 125.3, 124.1, 119.9. 
 
(S)-2-(((3-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3 
carboxypropanoyl)oxy)carbonyl)benzoic acid. 3.25.C. To a reaction flask containing  
3.25.A (718.0 mg, 1.820 mmol) was added CH2Cl2 (5.7 mL) followed by dropwise addition 
of a solution of 30% TFA in CH2Cl2 (55.0 mL). The reaction mixture was stirred vigorously 
for 2 hours. Upon completion, half of the solvent was removed under reduce pressure 
and azeotroped with toluene. The solid residue was then lyophilized until complete 
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 dryness to obtain a light yellow solid in 601 mg. The obtained solid was confirmed to be 
a cyclized product 3.25.B upon the removal of the protecting group. 1H NMR (400 MHz, 
CDCl3) d 8.18 (d, J = 7.43 Hz, 1H), 7.88 (d, J = 7.53 Hz, 2H), 7.65 (d, J = 7.46 Hz, 2H), 
7.40 (t, J = 7.43 Hz, 2H), 7.32 (tt, J = 7.56, 1.51 Hz, 2H), 4.64 (dt, J = 10.06, 6.58 Hz, 1H), 
4.38 (m, 2H), 4.23 (t, J = 6.62 Hz, 1H), 3.22 (dd, J = 18.44,10.03 Hz 1H), 2.84 (dd, J = 
18.46,6.20 Hz 1H); 13C NMR (101 MHz, CDCl3) d 172.4, 170.4, 156.3, 144.0, 141.2, 
135.0, 128.1, 127.5, 125.4, 123.4, 120.6, 66.5, 50.80, 47.0, 35.2. 
 
tert-butyl-(S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-
(phenylselanyl)propanoate 3.26.B. To a flame-dried microwave tube was measured 
[Ru(bpy)3Cl2 (884 mg, 0.00120 mmol, 0.01 equiv), di-selenide (36.9 mg, 0.118 mmol) and 
Hantzch ester (44.9 mg, 0.177 mmol, 1.5 equiv). 3.26.A (65.7 mg, 0.118 mmol) and 
DIPEA (38.1 mg, 0.295 mmol, 2.5 equiv) was dissolved in 1:1 mixture of CH2Cl2 (0.4 mL) 
and THF (0.4 mL) and was added to the reaction vessel via syringe. The reaction mixture 
was irradiated with a 40 W CFL bulb in a photoreactor set-up at ambient temperature. 
The reaction was stirred for 5 h and upon completion, the reaction mixture was diluted 
with EtOAc, and the solution was filtered by flash chromatography. Solvent was removed 
from the crude flashed material and the residue resulted was purified by silica gel column 
chromatography. The product was isolated along with an impurity that resulted from 
Hantzsch ester.  
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Oallyl removal followed by solid phase photoredox coupling. (-Fmoc)- To the swelled 
peptide on resin (100.0 mg, 0.02540 mmol) was added Pd(dppf)Cl2 (112 mg, 0.152 mmol, 
6.0 equiv) dissolved in DMSO (3.2 mL) followed by phenylsilane (82.5 mg, 94.0 mmol, 
30.0 equiv). The reaction was shaken in dark (covered in foil) for 8 hours and was washed 
with DMF (3 mLx3) and DCM (3 mLx3). The resin was further washed with a Pd 
scavenger solution (1 mL) by allowing to agitate for 15 minutes. The resin was washed 
again with DMF (3 mLx3) and DCM (3 mLx3). The resin was dried in lyophilizer and 50.0 
mg of the dried peptide on resin was measured into a 3 mL glass vial with a stir bar. To 
the vial was measured Ir[dF(CF3)ppy]2(dtbbpy)PF6  (1.43 mg, 0.00130 mmol, 0.10 equiv) 
and K2HPO4 (13.3 mg, 0.0760 mmol, 6.0 equiv) followed by DMF (0.64 mL). The reaction 
vial was degassed with Ar for 15 minutes and then was irradiated with the respective light 
source (blue led lights/ 40 W CFL) for 36 hours while stirring the reaction. After 36 h the 
reaction mixture along with the resin was transferred to a 5 mL peptide vial and was 
washed with DMF (3 mLx3) and DCM (3 mLx3). The peptide on resin was dried on 
lyophillizer and the respective cleavage procedure was performed. Cleaved peptide was 
extracted with cold Et2O and the solid crude product was used for HPLC characterization 
following lyophilization.  
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Alternative thioether formation using thermal conditions. The respective peptide 
(50.0 mg, 0.0300 mmol) on resin was measured to a peptide vial followed by 1% 
TFA/DCM (1 mL) and was agitated for 1 hour. The resin was washed with DMF (3 mLx3) 
and DCM (3 mLx3). Next was added TCDI (37.4 mg, 0.210 mmol, 7.0 equiv) and 
acetonitrile (0.4 mL). The reaction was agitated for 18 h, and the reaction was washed 
again with DMF (3 mLx3) and DCM (3 mLx3). The peptide on resin was dried on 
lyophillizer and was transferred (25 mg, 0.015 mmol) in to a 3 mL glass vial. To the 
reaction vial was added AIBN (0.74 mg, 0.0050 mmol, 0.3 equiv) followed by toluene (1.0 
mL). Finally was added tBuSH (0.17 µL, 0.0020 mmol, 0.015 equiv), and the reaction was 
stirred at 80 ºC for 5 h. The reaction mixture was transferred to a peptide vial and was 
washed with washed with DMF (3 mLx3) and DCM (3 mLx3). The peptide on resin was 
dried on  the lyophillizer, and the respective cleavage procedure was performed. Cleaved 
peptide was extracted with cold Et2O, and the solid crude product was used for HPLC 
characterization following lyophilization.  
 
Thioether formation via photoredox coupling in solution phase. To a reaction vial (1 
mL) was measured the cleaved lyophilized peptide (3.9 mg, 0.0020 mmol),  
Ir[dF(CF3)ppy]2(dtbbpy)PF6  (0.31 mg, 0.00030 mmol, 0.12 equiv) and K2HPO4 (0.8 mg, 
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 0.005 mmol, 2.0 equiv) followed by DMF (0.9 mL). The reaction vial was degassed with 
Ar for 15 minutes and then was irradiated with the respective light source (blue LED lights/ 
40 W CFL) for 36 hours while stirring the reaction. After 36 h the reaction mixture was 
filtered using a syringe filter and analyzed using HPLC.  
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CHAPTER 4: RECENT ADVANCES IN METAL GRIGNARD CROSS COUPLING 
REACTIONS 
 
4.1 Introduction to Base Metal Grignard Coupling Reactions 
Many classical coupling reactions such as Kumada, Stille, Negishi, Hiyama and 
Suzuki are of paramount importance in synthetic organic chemistry.1 Therein, transition 
metal catalyzed cross coupling reactions have been used as key reactions in assembling  
complex natural product frameworks, active pharmaceutical ingredients, and unique 
polymeric materials2 and have shown rapid advancements in the last few decades.3 They 
have been of great use in C–C bond formation in achieving important chemical 
transformations. The significance of the cross coupling reactions is also evident in that, 
the Nobel prize was awarded to Richard Heck, Ei-ichi Negishi, and Akira Suzuki in 2010 
for introducing and developing these useful transformative reactions. Aryl iodides, 
bromides and triflates are commonly employed as substrates in these reactions while the 
use of aryl chlorides requires the presence of unique ligands.4  
Initial accounts on the cross coupling reactions involving Grignard reagents were 
limited to oxidative dimerization processes using stoichiometric amounts of high valent 
metal catalysts.5 Remarkable contributions were made to cross coupling reactions by 
Kharasch and co-workers where they employed Cu, Co, Cr, Mn, Fe and Ni salts as the 
metal catalyst ultimately establishing CoCl2 as the ideal catalyst.6 Investigations on the 
utility of Ni and Fe catalysts in observing cross coupling reactivity were initiated and 
expanded by Kochi and co-workers7 followed by the work done by Kumada and co-
workers.8  
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Since the initial investigations, catalytic properties of Fe salts in cross coupling 
reactions have drawn the attention of chemists due to many advantages they possess in 
comparison to other metals employed as catalysts in the field. Thus, a great amount of 
follow up work has been conducted on advancing the Fe catalyzed cross coupling 
reactions over the last few decades. 
4.2 Utility of Non-precious Metals Over Their Precious Metal Counterparts 
Palladium (Pd) and nickel (Ni) are notably the most predominantly used transition 
metal catalysts utilized in cross coupling reactions. Despite their importance and vast use 
on cross coupling reactions in synthetic organic chemistry and material science, there are 
many disadvantages associated with these metals including high cost, toxicity, waste 
management and sustainability issues (Table 4.1)9.  
 
As illustrated in Table 4.1, Pd and Ni are costly in comparison to other metals that 
can be potentially developed to achieve similar reactivity. Pd also possesses more 
sustainability issues as the annual production and natural abundance of Pd is lower than 
that of the other metals. More importantly, utilization of Pd in experimental research can 
Metal
Pd
Ni
Cu
Fe
                Costs
Cost ($/ oz)1         Annual 
                         prodcution
                           (tonnes)
      690                   24
       10              1,350,000
      0.24           15,000,000
     0.004          1,200,00,00
Toxicity
Oral exposure
limits (ppm)2
10
25
250
1300
           Sustainability
   Natural            Supply risk 
abundance            index3
    (ppm)
     0.015                    8.5
       90                       4.0
       68                       4.5
    56,300                   3.5
Table 4.1 Key Parameters Determining the Specific Limits for Metal Catalysis
1 Price on January 12, 2012
2 Specific Limits for Residues of Metal Catalysis, Accessed May 13, 2012 at: http://www.ema.europa.eu/
ema/pages/includes/document/open_document.jsp?webContentId=WC500003586
3 “British Geological Survey: Risk List 2011” http://www.bgs.ac.uk/downloads/start.cfm?id=2063; Accesssed 
May 13, 2012.
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be highly inconvenient in terms of safety as well considering the reported low oral 
exposure limits of Pd relative to other metals in use. 
 These disadvantages largely over shadows their synthetic utility and thus, attempts 
have been taken to explore new metals that can be used to achieve similar 
transformations. Use of Fe salts for cross couplings provide significant advantages over 
other transition metals as it is relatively inexpensive, displays high levels of annual 
production, natural abundance and reasonably low toxicity.   
Since the initiation of the catalytic use of Fe, a large amount of work has been 
contributed to the field in refining and advancing the Fe catalyzed Grignard cross coupling 
reactions. Various investigations have been conducted in elucidating the underlying 
mechanism, expanding the substrate scope, introducing specific ligands to enhance 
reactivity and many other improvements. Regardless of the amount of research 
conducted on this reactivity, it should also be noted that there exist many unexplained 
and unclear areas in Fe catalyzed cross coupling reactions, such as the stability of the 
catalyst, solvent effect, impact of the reagents upon the overall reactivity and more 
importantly the mechanism by which this reaction operates, all of which warrant further 
studies.  
4.3 Advancements in Grignard Coupling Reactions 
4.3.1 Stoichiometric Oxidative Dimerization 
4.3.1.1 Turner and Co-workers (1914-1920) 
First reports of Grignard reagents in coupling procedures appeared in 
investigations conducted by Turner and co-workers in 1914. Their work focused on 
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oxidative dimerization of Grignard reagents using stoichiometric amounts of high valent 
metals.10  
Turner and co-workers set out to react Grignard reagents with CrCl3 with the initial 
objective of developing a method to access organo-metallic chromium derivatives.10a 
Upon reacting CrCl3 with Grignard reagents they expected to obtain the respective 
organo-chromium compounds of type CrR3 or possibly CrR2Cl or CrRCl2. To their dismay, 
none of the desired products were isolated despite the vigorous reaction that took place. 
However, it is not surprising because it was reported that the reaction outcome falls in 
line with that Cr falls into a category of metals which aren’t capable of making organo-
metallic reagents.10 
Interestingly, in the first reaction attempted between PhMgBr 4.2.A and CrCl3 they 
observed significant amounts of biphenyl 4.2.B (Scheme 4.2). It was hypothesized that 
reduction of CrCl3 to CrCl2 had facilitated the reaction. This hypothesis was confirmed by 
adding an excess amount of standard K2Cr2O7 followed by a titration with ferrous 
ammonium sulfate, (NH4)2 Fe(SO4)2•6H2O.  
 
Moreover, it was observed that the amount of biphenyl isolated was more than the 
anticipated amount based on the stoichiometric equation. It was thought that the excess 
biphenyl produced could correspond to the well-known generation of biphenyl during the 
preparation of a Grignard reagent. To clarify this claim and any possible catalytic activity 
Scheme 4.2. Stoichiometric Oxidative Dimerization of Grignard Reagents
Br
Mg, Et2O
then CrCl3 (1.0 equiv)
+ CrCl2 + MgCl2 + MgBr2
4.2.A 4.2.B
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of the metal salt, two experiments were performed under the same conditions with the 
exception of one containing 0.33 equiv of CrCl3. Excess biphenyl generated in the reaction 
with the metal salt corresponded to the amount of CrCl3 used confirming their reasoning 
and no indication of catalytic activity of the chromium salt was observed.  
Despite the cost of the Cr salt, this reactivity was identified as an important 
transformation that can be further developed. They were able to access several other 
biaryl compounds under these reaction conditions with the respective Grignard reagents. 
Their attempts to generate unsymmetrical hydrocarbons using this method was not 
successful in which, they only observed the corresponding homodimeric products. 
Interestingly, it was hypothesized in their studies, that FeCl3 can potentially result in a 
similar reaction outcome. However, attempted reactions with FeCl3 did not confirm similar 
activity and no organo-iron complexes was isolated. Turner and co-workers also 
introduced the use of Cu salt, CuCl2 to achieve similar reactivity, where better reaction 
yields were reported for specific substrates.10b 
4.3.1.2 Gardner (1929) 
Gardner et. al. also investigated Ag halides in achieving symmetric cross coupling 
reactivity.11 They were able to develop coupling conditions to prepare symmetric biaryls 
with AgBr. AgBr was selected over AgCl due to its lower photolability, making it easier to 
handle under experimental conditions. In their work, Ag was considered a better metal 
salt to achieve this reactivity over other metals because of its easy preparation with pure 
and high yields. It was argued that its high cost can be compensated by the possibility of 
it to be fully recovered. 
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4.3.1.3 Kharasch (1930) 
Kharasch et. al initiated their investigation on reacting aurous chloride carbonyl 
(Au(CO)Cl) with Grignard reagents with two major objectives.12 They intended to establish 
a method to prepare gold (Au) containing hydrocarbons via this reaction and secondly, to 
use this reaction as a way of incorporating carbonyl groups into carbon skeletons via CO. 
However, no desired reactivity was observed, only liberation of CO, precipitation of Au, 
and formation of the corresponding bis-hydrocarbons (Scheme 4.3). 
Aurous chloride was prepared by passing CO through a suspension of auric 
chloride in tetrachloro-ethylene at 100-140 ºC. Auric chloride was reduced to aurous 
chloride with the formation of phosgene, and AuCl then reacts with CO to result in the 
corresponding carbonyl. Monovalent gold can then abstract an electron from the phenyl 
group of PhMgBr 4.3.A which leads to quantitative formation of Au and biphenyl 4.3.B.  
 
4.3.1.4 Gilman (1939) 
Gilman and co-workers set-out to explore the reactivity of group VIII metallic 
halides with aryl phenyl magnesium iodide (Table 4.4) and reported quantitative yields of 
biphenyl formation with Fe, Rh, Co, Ni, Pd and Ru salts.13 Osmium trichloride, iridium 
trichloride and platinic chloride yielded relatively low yields. Since they were also 
interested in the possible generation of corresponding organometallic intermediates it was 
hypothesized that if these reactions proceeded via an organometallic intermediate that 
Scheme 4.3. Stoichiometric Oxidative Dimerization of Grignard Reagents With Gold
MgBr
+  Au  +  CO
AuCl(CO), Et2O
4.3.A 4.3.B
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the extent of cross coupling can be used as a rough measure of the stability of these 
organometallic intermediates. Following the hypothesis, the formation of such 
organometallic compounds were confirmed for only osmium trichloride, iridium trichloride 
and platinic chloride reactions, for which low yields of the desired product was observed.  
 
4.3.2 Catalytic Grignard Coupling Reaction 
4.3.2.1 Kharasch (1945) 
 The first use of catalytic amounts of metallic halides with aryl Grignard reactions 
was reported by Kharasch and coworkers in 1945.14 Previous work conducted in 
accordance with similar reactivity had always required stoichiometric amounts of the 
corresponding metallic halide. The reaction outcome has been explained assuming the 
potential reduction of the metallic halides acting as electron acceptors. Precipitation of 
the metallic state was observed with some of these metal halides under the reaction 
conditions.  
It is important to consider several previously reported works to fully commend the 
achievement of this reactivity. It was known the there was no reactivity between aryl 
magnesium halides and mono-substituted aryl halides. Also, it was established that the 
metallic salts of interest do not show any reactivity towards aryl halides. Moreover, 
Table 4.4. Metallic Halides Reactivity with PhenylMagnesium Iodide
Metallic 
halide
FeCl2
CoBr2
NiBr2
RuCl3
RhCl3
PdCl2
OsCl4
IrCl3
PtCl4
Mole
0.01
0.01
0.03
0.0036
0.0036
0.00566
0.00275
0.003
0.006
Mole
C6H5MgI
0.03
0.03
0.095
0.0108
0.013
0.0163
0.007
0.01
0.006
% yield
biphenyl
98
98
100
99
97.5
98
53
28
<1
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reactivity between aryl Grignard reagents in the presence of metallic salts was 
established to result in biaryl compounds.3 
Kharasch et al. were able to achieve excellent yields of biaryl compounds by 
treating aryl Grignard reagents with organic halides in the presence of catalytic amounts 
of (0.1-0.03 equiv) metal halides, Fe, Ni, and Co. Cu and Cr salts were found to be 
ineffective in this transformation while Mn displayed low reactivity. Co halides were 
established as the ideal metal for achieving desired reactivity based on the observed high 
yields with CoCl2 (Table 4.5).14a 
 
In their investigations, consumption of organic halide was confirmed by a halogen 
titration and by the amount of the organic halide recovered at the end of the reaction. 
However, they hypothesized that the generation of biaryl was exclusively from PhMgBr 
and not from any aryl halide used. This was confirmed by generation of biphenyl in the 
presence of bromobenzene, substituted aryl halides, and alkyl halides, to observe no 
incorporation of the substituted aryl moieties in the coupling products.  
Therefore it was proposed that organic halides in this reaction behave as oxidizing 
agents  in the presence of metallic halides. They hypothesized that an electron transfer 
  Moles of
C6H5MgBr
0.09
0.14
0.54
0.113
0.11
0.12
0
0.127
0.131
0.113
0.11
0.13
0.106
0.134
0.113
0.11
0.117
     Moles of 
organic halide
0
0
0.4  C6H5Br
0.1  C6H5Br
0.1  p-BrC6H4CH3
0.1  C6H5Br
0.1  C6H5Br
0.1  C6H5Br
0.1  C6H5Cl
0.1  i-C3H7Cl
0.1  C6H5Br
0.1  C6H5Br
0.1  C6H5Br
0.1  C6H5Br
0.1  C6H5Br
None
0.1  C6H5Br
Mol% of metallic 
          salt
0
9       CoCl2
7       CoCl2
2.5    CoCl2
9       CoCl2
4       CoCl2
100    Co
7       CoCl2
4       CoCl2
5       CoCl2
9       Cu2Cl2
4       MnCl2
5       FeCl3
4       NiCl2
4       CrCl2
28     CoCl2
4       CoCl2
Yield of 
diaryl %
8
27
83
86
86
44
0
81
37
58
6
21
47
72
7
64
86
Table 4.5. First Catalytic Use of Metallic Halides in Biaryl Synthesis
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takes place from the Grignard reagent to the organic halide during the reaction 
mechanism and that the metallic halides act as oxidation reduction catalysts, where it is 
reduced by the Grignard reagent and later oxidized back by the organic halide (Scheme 
4.6).14a 
 
 The first unsymmetrical coupling reaction conditions were also developed by 
Kharasch and workers where aryl Grignard reagents 4.7.A, when reacted with vinyl 
halides 4.7.B in the presence of cobalt and chromium halides, yielded the corresponding 
condensation product in good to moderate yield. Formation of the respective biaryl 
compounds and polymeric aryl compounds were also observed (Scheme 4.7).14c 
 
Moreover, only aryl Grignard reagents resulted in the desired reactivity, while the 
aliphatic Grignard reagents did not exhibit significant formation of the corresponding 
coupling products. Further investigations on this reaction revealed that the reaction 
proceeds successfully only when a H atom is present on the unsaturated carbon atom to 
which the halogen is attached. Comparisons between substrates such as vinyl chloride 
and trimethylbromoethylene confirmed this claim (Table 4.8). 
Scheme 4.6. Proposed Mechanism for Catalytic Biaryl Synthesis
C6H5MgBr + CoCl2 C6H5CoCl + MgBrCl
2C6H5CoCl C6H5.C6H5 + 2CoCl
CoCl + C6H5Br CoClBr + C6H5•
n (C6H5•) C6H6, C6H5.C6H5 (traces) + C6H5.C6H4.C6H5 + other polymers
Scheme 4.7. Catalytic Unsymmetric Coupling with Aryl Grignard Reagents
MgBr
+  MgBrClCoCl2 (5 mol%), Et2O
Cl
4.7.A 4.7.B
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4.3.2.2 Kochi (1971) 
 Kochi and workers have contributed immensely to the advancement of Grignard 
cross coupling reactions. They pioneered utilizing and conducting detailed investigations 
on Fe catalyzed Grignard-organic halide cross coupling reactions with several significant 
improvements to the reaction conditions. They also explored the stoichiometric and 
catalytic activity of Ag and Cu halides on coupling reactions between Grignard reagents 
and alkyl/aryl halides.15  
In most of their later investigations THF was used over the previously, commonly 
used Et2O as the solvent in Grignard and organic halide coupling reactions due to several 
reasons.15 It was observed that the reaction rate was about 15 times faster in THF than it 
was in Et2O at 20 ºC for some of the standard cross coupling systems used in their 
investigations. Moreover, when alkyl Grignard reagents and alkyl halides were employed 
in cross coupling conditions it was observed that more undesired side products were 
produced in Et2O. Also, in certain instances, side products derived from the solvent 
Table 4.8. Catalytic Unsymmetric Coupling with Aryl Grignard Reagents
Grignard Reagent Vinyl Halide Metallic Halide
CoCl2
CrCl3
CoCl2
none
CoCl2
Coupling 
Product (%)
56
38
7
5
7
Polymer
(%)
11
25
22
polyvinyl
polymer
Cyclohexene
Biaryl
(%)
17
18
75
None
Cyclohexane
Bicyclohexyl
MgBr
Br
Br
MgBr
Br
Br
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(diethyl ether) were observed. These reasons led to the establishment of THF as the ideal 
solvent for these types of coupling reactions.  
In their investigations with Ag halides as the catalysts, stoichiometric reduction of 
transition metals with Grignard reagents was studied followed by catalytic coupling of 
Grignard reagents with alkyl halides. Grignard reagents in THF reacted with 
stoichiometric amounts of Ag salts such as halides, acetates and perchlorates at 20 ºC to 
result in the oxidative dimerization product as illustrated in Scheme 4.9. These 
observations also aligned with the previously reported results with Et2O as the solvent.11 
 
It was also observed that exposing two Grignard reagents to the reaction 
conditions resulted in three types of dimers, two homo-coupled and one hetero-coupled 
product. During their investigations with different Ag salts, it was noticed that when AgNO3 
was employed, just catalytic amounts of the Ag salt was sufficient in obtaining similar 
reaction outcome, as AgNO3 is capable of re-oxidizing the catalyst (i.e., use of AgNO3 
transformed a large amount of reduced silver in to the reactive soluble form.  
Their kinetic studies on the Ag halide catalyzed coupling reaction led them to 
conclude that the reaction is first order in the alkyl halide and zero order in Grignard 
reagent. Based on their kinetic rate experiments they concluded that coupling of various 
alkyl halides with EtMgBr varied in the order t-Bu > i-Pr > n- Pr in a ratio of 20:3:1 (Table 
4.10).  
Scheme 4.9. Silver Catalyzed Stoichiometric Oxidative Dimerization of Grignard Reagents
R MgX AgY RAg  +  MgXY+
2RAg R R +   2Ag
X,Y = Halogen
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Further experiments also revealed that the structural changes in the Grignard 
reagent did not lead to any changes in the rate of the reaction.  Based on these 
experiments they proposed a mechanism for the catalytic coupling of Grignard reagents 
with alkyl halides (Scheme 4.11). 
 
Considering that the re-oxidation of Ag by the alkyl halide is the rate limiting step, 
and the Grignard reagent initially reduces the Ag catalyst, this proposed mechanism 
illustrates how different combinations of cross coupling products can be generated under 
the discussed reaction conditions. However, these reaction conditions will be most 
effective when the alkyl groups of the Grignard reagent and the alkyl halide are identical, 
resulting in only the desired coupling product (Table 4.12). 
Alkyl halide
    R’–Br
Et–Br
n-Pr–Br
i-Pr–Br
t-Bu–Br
  Rates of formation of products
Et–Et        Et–R’    R’–R’      ΣEt, R’ 
15.4             -            -                35
 7.7            1.2         0.3             33
 15             17          5.4            101
 95            112         10             660
Table 4.10. Structural Effects of the Alkyl Halide on Ag Catalyzed Coupling Reactions 
With EtMgBr
Et MgBr R’–Br Et–Et  +  Et–R’  +  R’–R’  +  MgBrCl+ AgCl
Scheme 4.11 . Proposed Mechanism for the Catalytic Coupling of Grignard Reagents with Silver Halides
R' MgX AgX R’Ag  +  MgX2+
Ag   +   R–X R • +   AgX
X = Halogen
slow
R • +   Ag RAg, etc.
RAg   +   R’Ag R–R  +  R’–R  +  R’–R’  +  2Ag
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  In their investigations with copper they discovered that Cu(I) catalyzes coupling 
reactions of Grignard reagents with alkyl bromides in THF at 0 ºC.16 It was observed that 
the organocopper intermediates were more stable in THF as opposed to the previously  
used solvents. Interestingly, it was observed that the formation of unnecessary homo 
dimers was minimal under these conditions unlike with Ag halide catalysts (Table 4.13).  
 
It was also observed that the reaction was dependent on the displacement ability 
of the halogen of the alkyl halide by the Grignard reagent. Primary alkyl halides were 
found to be the most successful. Secondary and tertiary alkyl halides resulted in poor 
yields due to the predominant formation of homodimers via disproportionation of the 
organocopper intermediates. Moreover, interchanging the alkyl group of the Grignard 
reagent and the alkyl halide did not change the reaction outcome significantly.   
R1 MgBr
(mmol)
R2
(mmol)
Br Ag
(mg-atom)
0.05
0.05
Reaction
conditions (ºC/h)
25/5 
25/18
Products (g) Yield (%)
83
67
n-C4H9 MgBr
60
n-C4H9 MgBr
60
50
50
n-C8H18 (4.48)
Table 4.12. Silver Catalyzed Coupling of Grignard Reagents with Alkyl Halides
n-C4H9 Br
n-C6H13 Br
n-C8H18 (1.76)
n-C10H22 (1.64)
n-C12H26 (1.40)
R1 MgBr
(mmol)
R2
(mmol)
Br Li2CuCl4
(mmol)
0.15
0.15
0.15
Reaction
conditions (ºC/h)
0/3 
0/3 
0/3
Products (g) yield (%)
73
78
45
n-C6H13 MgBr
50
n-C4H9 MgBr
50
46
45
Table 4.13. Copper(I) Catalyzed Cross Coupling of Grignard Reagents with Alkyl Bromides
n-C4H9 Br
n-C6H13 Br
n-C10H22 
   (4.97)
H2C CH (CH2)4 MgBr H2C CH C6H13n-C2H5 Br
n-C10H22 
   (4.76)
(2.35)4750
R MgBr CuIBr RCuI  +  MgBr2+
R–R’ +   CuIBr
slow
RCuI  +  R’Br
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As mentioned previously, investigation of Fe catalysts as a potential transition 
metal catalyst for cross coupling reactions was initiated by Kochi and co-workers and is 
among the most remarkable contributions to the field of cross coupling. It was also the 
most extensively studied transition metal catalyzed cross coupling by Kochi and workers. 
They were able to achieve cross coupling between vinyl halides and Grignard 
reagents in the presence of FeCl3 catalyst (Table 4.14).15 Moderate to good yields were 
obtained with catalyst loadings as low as 0.125% – 0.25%. It was also observed that 
improved yields were obtained at low temperatures for certain substrates.  
 
 These reactions also retained the original configuration, where cis- and trans- 
alkenyl halides yielded in cis- and trans- cross coupled products, respectively, with no 
detectable isomerization (Scheme 4.15).  
Trans-alkenyl halide reacted 15x faster than the cis- substrate in THF whereas  in 
Et2O it was 4x faster. Several favorable differences were noted in the cross coupling using 
alkenyl halides over alkyl halides. Undesired side products by disproportionation was not 
observed in this reaction.  
R1 MgBr
(mmol)
R2
(mmol)
Br FeCl3
(mmol)
0.05
0.05
0.10
Tempe-
rature (ºC)
0
25
25
Product yield (%)
83
64
67
n-C6H13 MgBr
40
H2C CH (CH2)4 MgBr
30
n-C6H13 MgBr
40
H2C CH Br
204
H2C CH Br
102
HC CH Br
355
H3C
HC CH2n-C6H13
H2C CH (CH2)4 CH CH2
HC CHn-C6H13 CH3
Table 4.14. Alkenylation of Grignard Reagents with 1-Bromo-1-alkenes Using an Iron Catalyst
R MgX + Br
Fe-catalyst
R + MgXBr
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In their investigations on the same reaction with alkyl halides in place of alkenyl 
halides EtMgBr and EtBr were selected as the representative reactants to expose to the 
coupling conditions with the Fe halide (Scheme 4.16). Ethane and ethylene were 
produced as major products in the reaction and a similar trend was observed with other 
alkyl halides upon exposure to these reaction conditions. They resulted in undesired 
products via disproportionation as the predominant reaction. Significant amounts of 
coupled products were obtained only with alkyl halide substrates without b-hydrogen 
atoms, such as methyl, neopentyl, phenyl and benzyl halides.15  
 
Their kinetic studies concluded that the reaction is first order in Fe halide and the 
alkyl halide and zero order in Grignard reagent. Also, no significant difference was 
detected in the reaction outcome at 2 ºC and 25 ºC. Interestingly, in was noted that when 
the active iron species was generated by reduction of ferric chloride by the Grignard 
reagent and allowed to age for 90 minutes prior to the addition of the alkyl halide, the 
yields were lower than when the catalyst was reduced in the presence of the alkyl halide.  
Scheme 4.15. Stereospecificity of 1-Bromo-1-alkenes Using an Iron Catalyst
CH3MgBr + Br
FeCl3
THF
MgBr2+Br
CH3MgBr + MgBr2+FeCl3
THF
Br Br
Scheme 4.16. Iron Catalyzed Cross Coupling of Alkyl Halides with Grignard Reagents
                   +  MgBr2+ X = Halogen
FeXnMgBr Br +
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However, there was an apparent ”autocatalysis” where the degraded catalyst 
activity from aging was recovered during the reaction which was less significant in THF. 
Although Co catalyst had revealed similar deactivation upon aging, no autocatalysis was 
observed for the Co catalyst. Loss of activity of the iron catalyst during aging was 
attributed to an aggregation of the active iron species to polynuclear Fe species as 
illustrated in scheme 4.17. 
 
During their investigations on the alkenyl halide cross coupling reactions, a range 
of various Fe catalysts were examined for their reactivity and other properties that impact 
the expected reaction outcome. They sought to explore the Fe catalysts to find more 
efficient catalysts by minimizing the potential aggregation of the active Fe species and to 
expand the utility of the catalyst in obtaining desired reactivity with Grignard reagents 
containing secondary and tertiary alkyl groups.  
1-Bromopropene and methyl magnesium bromide were selected as the substrates 
for investigating the activity of various Fe catalysts under standard reaction conditions. 
Several Fe catalysts were observed to result complete conversion of this reaction and 
they were further experimented to examine their stability limits by conducting aging 
studies (Table 4.18).  
Conversion was measured in the reactions where the catalyst was allowed to age 
with the Grignard reagent. Prior to the addition of the alkenyl halide. All the catalysts 
employed displayed diminished conversion with increasing age time beyond 15 min with 
the exception of one catalyst, Fe(DBM)3.  
Scheme 4.17. Proposed Deactivation of the Active Iron Species by Aggregation
X = Halogena Fe(RMgX)  Fea(RMgX)  +  RMgX
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They also investigated ways to lower the deactivation of other catalysts. Based on 
the hypothesis that the deactivation of the catalyst was due to an aggregation of the active 
catalyst, they envisioned that changing the coordination around the Fe atom by free 
ligands in solution can slow down the deactivation. Out of many neutral ligands tested, 
they found that triphenylphosphine most effectively reduces the aging effect of Fe(acac)3 
and Fe(Pv)3, unfortunately it also reduces the catalytic activity. 
The Fe(DBM)3 catalyst was then employed in extending the cross coupling 
reactions with primary Grignard reagents with vinyl and propenyl halides into using 
secondary and tertiary alkyl and aryl Grignards as reactants (Table 4.19). It was 
concluded that Fe can act as an effective catalyst to achieve cross coupling reactions at 
low concentrations of the catalyst and at low temperatures while also maintaining stereo 
specificity in the desired products.  
Fe (III) complex
FeCl3
Fe(Pv)3
Fe(acac)3
FeCl3(PPh3)
Fe(facac)3
Fe(acac)Cl2
Ge(acac)2Cl
Fe(DPM)3
Fe(DBM)3
Aging time 
(min)
40
15
15
15
15
15
15
15
15
Conversion
after aging (%)
2.1
9.2
40
12
10
12
6
4
>99
Retardation
(%)
92
87
56
56
60
79
94
94
0
Conversion
before aging (%)
25
73
90
27
25
57
>99
>99
>99
Table 4.18. Iron Catalyst Screen for Grignard and Alkenyl Halide Cross Coupling
                   +  MgBr2+
FeXn
MgBr Br +
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4.3.2.3 Kumada- (Ni Catalyzed Cross Coupling-1972) 
Kumada and workers explored Ni catalysts extensively in coupling Grignard 
reagents with vinyl and aryl halides. Previously Kharasch et. al. had only examined Ni 
catalysts in a catalyst screen.17 At the beginning, two well established factors with regard 
to Ni catalysts were considered. First, the ability of a Ni complex to release an organic 
group upon the approach of an organic halide to generate a halo-organo-nickel 
complex.18 Next was the fast reaction of a Grignard reagent with a nickel halogen bond 
to form an organo nickel bond.19  
It was envisioned that these two reactions can be manipulated to achieve cross 
coupling reactivity with a Grignard reagent and an organic halide by employing a 
dihalodiphosphinenickel catalyst. Experimental results obtained for the attempted cross 
coupling reactions under these conditions are illustrated in Table 4.20.  
This method elaborated several interesting characteristics in that it allowed access 
to a variety of cross coupled products in ether, that had previously been unsuccessful. 
More importantly, alkyl magnesium bromides containing b-hydrogens also resulted in 
Grignard reagent
         RMgBr
EtMgBr
PhMgBr
EtMgBr
i-PrMgBr
CyclohexylMgBr
t-BuMgBr
Alkenyl bromide
R’Br
BrCH=CHCH3
BrCH=CHPh
BrCH=CHPh
BrCH=CHCH3
BrCH=CHCH3
BrCH=CHCH3
Products (% GC yields)
R–R’          RH          R(-H)          R-R
 58             12             29               1
  32              d                                10
 
  59              8                6                5   
  60             9               10               3
  54             d                d               d 
(45 isolated)
   27             d                d               d
Table 4.19. Grignard and Alkenyl Halide Cross Coupling with Fe(DBM)3
                   +  MgBr2+
Fe(DBM)3RMgBr Br R+
’R R‘
d Present, but not quantitatively analyzed
 217 
 
 
 
 
coupling products in high yields. However, this reaction only proceeded with halides 
where the halogen was on sp2 carbons, such as vinyl and aryl halides. Most remarkable 
reactivity was observed with Ni catalysts containing bidentate diphosphine as a ligand. 
Catalytic activity for a series of screened catalysts decreased in the order, [NiCl2(dpp)] > 
[NiCl2(dpe)] > [NiCl2(dmpe)= [NiCl2(PPh3)2 >]> [NiCl2(PEt3)2]= [NiCl2-(PPh2Me)2]. This 
trend suggested that the cis configuration of the organic ligands on the Ni center was 
essential to obtain the expected reactivity. In contrast to the Fe catalyzed Kochi 
coupling,15 Et2O was observed to be a better solvent than THF.  
 
Regardless of the importance of the previously discussed Fe catalyzed cross 
coupling of Grignard reagents and alkenyl halides by Kochi and co-workers it had not 
been of synthetic utility in preparative chemistry due to several reasons. A large excess 
of alkenyl halide had to be used in those reactions to achieve reasonable reactivity with 
most substrates, and the yields obtained were in a moderate range. Many attempts to 
Table 4.20. Nickel Catalyzed Cross Coupling with Grignard Reagents and Organic Halides
R MgBr +
Fe-catalyst
R–R’ + MgBr2
Grignard reagent
  RMgBr
EtMgBr
t-BuMgBr
t-BuMgBr
EtMgBr
n-C8H16MgCl
PhMgBrr
PhMgBr
PhMgBr
α-NpMgBr
Organic halide
   R’Br
PhCl
PhCl
Dicholorbenzene
o-
m-
p-
CH2=CHCl
CH2=CHCl
ClCH=CHCl
cis-
trans-
CCl2=CH2
CH2=CHCl
Conditions
A
A
A
A
A
B
B
A
A
A
B
    Product
Ph–Et
Ph-n-Bu
Di-n-butylbenzene
o-
m-
p-
n-C8H17CH=CH2
PhCH=CH2
PhCH=CHPh
cis : trans = 80 : 20
cis : trans = 43 : 57
Ph2C=CH2
α-NpCH=CH2
Yield (%)
98
76
89
94
95
95
89
90
81
82
80
R’Br
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address these concerns by modifying the nature of the iron catalyst and the solvent 
system used had not been able to assist in circumventing these problems.  
4.3.2.4 Cahiez (1998) 
Cahiez and co-workers revisited this Fe catalyzed cross coupling reactivity of 
Grignard reagents and alkenyl halides20 based on their success in developing similar 
cross coupling reactivity with organomanganese chlorides using NMP as a co-solvent.21 
They envisioned that similarly, NMP could potentially enhance the overall reactivity of the 
Fe catalyzed Kochi coupling reaction as observed with organomanganese halides.  
Their initial investigations were conducted on 1-bromopropene and octyl 
magnesium chloride in THF below 0 ºC with 3% Fe(acac)3 as the catalyst in the presence 
and absence of NMP. Promisingly, a significant enhancement in the reactivity and the 
yield was observed with just 2 equiv of NMP, obtaining a yield 2x that without NMP. 
Furthermore, employing a less reactive alkenyl halide with BuMgCl and 9 equiv of NMP 
resulted in an even more remarkable increase in the yield in the presence of NMP 
(Scheme 4.21). 
 
Scheme 4.21. Iron Catalyzed Cross Coupling with NMP as a Co-solvent
Br
+ OctMgCl
3% Fe(acac)3
–50 ºC to 0 ºC, 15 min
Oct
                          THF:      5%
THF-NMP (2 equiv)a:        87%b
aThe same yield was obtained by using 9 to 2 equivalents of NMP. bInfluence of the temperature; 
15 to 20 ºC:80%, -15 ºC to -20 ºC: 87%
Cl
+ BuMgCl
1% Fe(acac)3
–50 ºC to 0 ºC, 15 minBu
Bu
                          THF:      5%
 THF-NMP (9 equiv):        85%
Bu
Bu
Bu
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In light of their initial success with NMP, they sought to carry out extensive 
investigations on further improving the reaction. Having confirmed the enhancement 
effect by NMP, several other additives as co-solvents were also explored (Table 4.22). 
 
It was observed that co-solvents such as DMPU, DMF, DMA, sulfolane and diethyl 
carbonate also involve in enhancing the reaction yields to a reasonable extent while 
tetramethylurea and DME increased the yields to a lesser extent. However, NMP was 
established as the main additive for Fe catalyzed Grignard couplings.  
Next a catalyst screen was conducted in the presence of NMP and observed no 
significant difference in the reaction outcome based on the catalyst (Table 4.23).  
 
Br
OctMgCl
3% Fe(acac)3
–5 ºC to 0 ºC, 15 min Oct
Co-solvent
DMPUb
DMFb
DMAb
diethyl carbonateb
sulfolaneb
tetramethylurea
DME
Product yield (%)a
80
81
80
78
72
56
59
aYield of isolated product 
bThe use of 2 equivalents of co-solvent led to the 
same yield
Table 4.22. Influence of Various Co-solvents on Iron Catalyzed Cross Coupling
Br
OctMgCl
3% Fe(III)
THF-NMP (9 equiv)
–5 ºC to 0 ºC, 15 min Oct
Catalyst
Fe(acac)3
Fe(dbm)3b
Fe(dpm)3
FeCl3
Fe2(SO4)3
Yield (%)a
87
87
88
88
31
aYield of isolated product. 
bThe use of 2 equivalents of co-solvent led to the 
same yield
Table 4.23. Catalyst Screen for Iron Catalyzed Cross Coupling with NMP
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It was concluded from the previously mentioned data, that the nature of the Fe 
catalyst did not influence the reaction outcome and it was only sufficient to select a 
catalyst that solubilize well in the reaction solvent, THF. Low yields observed with 
Fe2(SO4)3 can be attributed to its low solubility in THF. It was also noted that the reactivity 
observed for these very catalysts in the absence of NMP were very different to the above 
observations. In the absence of NMP, the nature of the catalyst had a significant impact 
on the reaction outcome. According to the reported data by Kochi and workers, the best 
catalytic activity in the absence of NMP was observed for Fe(dbm)3 and Fe(dpm)3 in THF 
and it was significantly higher than the catalytic activity obtained for Fe(acac)3 and FeCl3. 
Cahiez et. al. hypothesized that NMP plays a role in stabilizing the active catalyst; the 
intermediate organoiron species, by minimizing the formation of side products by its 
disproportionation via b-elimination.20  
Having established the reaction conditions, they attempted to lower the catalyst 
equivalents to achieve the lowest catalyst loading. When the catalyst loading was varied 
from 0.1 – 3%, the yield remained at a persistent 87%. Lowering the loading to 0.01% 
only diminished the yield slightly to 82% (Table 4.24). These experimental data confirms  
the significance of high efficiency of Fe catalysts in this reaction as opposed to high 
catalyst loadings generally required for cross coupling reactions. 
 
Br
OctMgCl
x% Fe(acac)3
THF-NMP (9 equiv)
–5 ºC to 0 ºC, 15 min Oct
Table 4.24. Catalyst Loading Screen for Iron Catalyzed Cross Coupling with NMP
% of Catalyst
Yield of A (%)
3
87
1
87
0.1
88
0.01
82
A
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It was also observed that alkenyl bromides and chlorides, despite its low reactivity, 
resulted in good yields. However, higher amounts of NMP had to be used with alkenyl 
chlorides (9.0 equiv) (Table 4.25). All these alkenyl halides were observed to react rapidly 
and when the reactions were repeated with 0.1% catalyst loading lower yields were 
obtained.  
 
As had been reported by Kochi and workers, this reaction was stereoselective, 
even with the addition of NMP. However, they did not observe a faster reaction for trans-
1-chlorooctene or trans-1-iodoorooctene over the respective cis isomers although Kochi 
had reported a faster transformation with trans-1-bromopropene over its cis isomers 
(Scheme 4.26).  
Cahiez and co-workers having established their optimized Kochi coupling 
conditions, sought to expand the substrate scope. They were able to convert various 
alkenyl halides with different patterns of substitutions to obtain the coupling products in 
excellent yields while also conserving their stereo integrity. Careful optimization was 
carried out for several substrates to acquire better yields.  
X
+ BuMgCl
1% Fe(acac)3
THF-NMP
–50 ºC to 0 ºC, 15 minBu
Bu
Bu
Bu
Bu
Table 4.25. Influence of Halogen on the Alkenyl Halide on Iron Catalyzed Cross Coupling Yields
NMP (equiv)
2
2
9
Yield of A (%)a
83
82
85
X
I
Br
Cl
aYield of isolated product. bOnly 55% was obtained by using 0.1% Fe(acac)3 as catalyst.
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Chemoselectivity of this reaction was identified to be admirable, where there was 
no reaction observed with the amide functionality of NMP and Grignard reagent. 
Moreover, more reactive functional groups such as esters and ketones were observed to 
be well tolerated in the reaction conditions despite their known high reactivity with 
Grignard reagents. This suggests the efficiency of the coupling reaction under the 
optimized conditions. Interestingly, there was also no competitive cross coupling 
observed with aryl and alkyl halides over alkenyl halides under these reaction conditions 
(Table 4.27).     
 
Scheme 4.26. Stereoselectivity of Iron Catalyzed Cross Coupling with Alkenyl Halides
ClHex
Hex
Cl
+ BuMgCl
1% Fe(acac)3
THF-NMP (9 equiv)
–50 ºC to 0 ºC, 15 min
Hex
Bu
1% Fe(acac)3
THF-NMP (9 equiv)
–50 ºC to 0 ºC, 15 min
+ BuMgCl BuHex
75% (E >99.5%)
Bu
I
+ OctMgCl
0.1% Fe(acac)3
THF-NMP (2 equiv)
–50 ºC to 0 ºC, 15 min
Bu
Oct
80% (Z >99.5%)
IHex
0.1% Fe(acac)3
THF-NMP (2 equiv)
–50 ºC to 0 ºC, 15 min
+ OctMgCl OctBu
75% (E >99.5%)
84% (E >99.5%)
Br
R–Fg
OctMgCl
1% Fe(III)
THF-NMP (2 equiv)
–5 ºC to 0 ºC, 15 min Oct
R–Fg
C4H9CO2Et
C3H7COC3H7
PhBr
C7H15Br
Yield (%)b
85
87
92
88
Table 4.27. Chemoselectivity of Iron Catalyzed Alkenylation of Grignard Reagents
R–Fg
Recovered 
R–Fg (%)a
≥ 98
≥ 98
≥ 98
≥ 98
aGC analysis. bYield of distilled undec-2-ene
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Further investigations were carried out to establish the chemoselectivity by 
employing functionalized alkenyl halides to obtain desired products with intact functional 
groups in good yields (Table 4.28).  
 
Cahiez and workers herein contributed to the Fe catalyzed Grignard cross coupling 
by introducing NMP as an additive, which drastically enhanced the reaction increasing its 
preparative value. Examining the literature it is evident that introduction of NMP to these 
reaction conditions was a key finding and led to a rapid advancement of this cross 
coupling reaction. Moreover, the real potential of this reaction was greatly realized in a 
preparative sense following the introduction of NMP as a co solvent.22 
Table 4.28. Selective Substitution of Funcitionalized Alkenyl Halides
X
Fg + RMgCl
R
Fg1% Fe(acac)3
THF-NMP (9 equiv)
–50 ºC to 0 ºC, 15 min
Functionalized Alkenyl Halide Ra
Bu
i-Pr
Bu
Mec
Bu
Bu
Yield (%)b
80
72
80
68
79
79
AcO
Cl
Cl
O
O
I
O
I
Cl
Br
a1.1 equiv of RMgCl was used. bYield of distilled product. cThe recation was
 performed between 15 and 20 ºC. Fg = functional group
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It should also be noted that in contrast to the use of NMP as an additive in Fe 
catalyzed cross coupling reactions, structurally related DMPU was scarcely employed in 
these types of reactions. A few accounts reported the use of DMPU in screens23 while 
one account reported the actual utility of DMPU as a solvent.24 
However, following the initiation of Fe catalyzed cross coupling, its utility had not 
been sufficiently explored and their useful substrate scope has been largely limited to 
coupling of Grignard reagents with alkenyl halides for a few years.25, 26,20 Furstner later 
contributed to Fe catalyzed cross coupling reactions with significant contributions on the 
mechanism of the reaction and introducing novel reactivity. 
4.3.2.5 Furstner 2002 
When Furstner et. al. first began their exploration on Fe catalyzed cross coupling 
reactions, its utility was largely limited to cross-couplings of Grignard or 
organomangenese reagents as the nucleophiles with alkyl halides,27 alkenyl sulfones,28 
acid chlorides or thioesters,29 and allylic phosphates.30,31 Application of Fe catalyzed 
cross coupling on electrophillic aryl halide substrates to successfully access coupling 
products had not been reported. Thus, Furstner and coworkers set-out to explore the 
broader utility of Fe catalysts by developing Fe catalyzed cross coupling between aryl 
halides and alkyl Grignard reagents. They also contributed valuable mechanistic studies 
that will be discussed later in detail.32  
Their initial investigations on screening different electrophilic components for the 
Fe catalyzed coupling reaction resulted in interesting reaction outcomes (Table 4.29).  
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Aryl bromide and iodide (4.29.A.1 & 4.29.A.2) resulted in poor yields of the 
coupling product 4.29.B along with more reduction product 4.29.C. In contrast, 
corresponding aryl chloride 4.29.A.3 afforded almost quantitative yields on the desired 
coupling product 4.29.B by GC assay yields in a short period of reaction time as 5 
minutes. The isolated yields were obtained in 91% on gram scale. These results came as 
a surprise as the opposite reactivity was observed for these substrates using Pd or Ni 
catalyzed cross coupling conditions where best reactivity had been observed for aryl 
bromides and iodides, in comparison to chlorides.33  
Similarly, excellent reactivity was observed with corresponding triflate 4.29.A.4 
and tosylate 4.29.A.5 electrophiles under Fe catalyzed reaction conditions (Table 4.29). 
More importantly, it was observed that the un-catalyzed Grignard addition to the methyl 
ester substituent of the aryl halide 4.29.A did not occur, demonstrating excellent 
chemoselectivity of the reaction conditions. Unexpectedly efficient reactivity of the 
coupling reaction giving no space for the competing addition reaction can be accounted 
for this observation. This initial reactivity proceeded with unprecedented high reaction 
rates even at temperatures as low as -20 ºC, and no specific ligands were required. 
OMe
O
X
OMe
OHexylMgBr (1.2 equiv)
5 mol% Fe(acac)3
THF–NMP
0ºC - r.t. , 5 min
yield > 95%
Entry
1
2
3
4
5
  Yield (GC %)
4.28.B    4.28.C
  27            46
  38            50
>95             -
>95             -
>95             -
OMe
O
H
+
  X
I
Br
Cl
OTf
OTs
4.28.A 4.28.B 4.28.C
Table 4.29. Screening of Electrophillic Aryl Components for Iron Catalyzed Cross Coupling Reaction
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Moreover, these conditions successfully worked with tosylates which were not effective 
in yielding similar reactivity with the respective Pd or Ni coupling conditions.34,35 
Having established the basic coupling reactivity with aryl halides, Furstner et. al. 
next sought to screen various nucleophiles and Fe catalysts for the coupling reaction 
(Table 4.30). Considering the overall reactivity (Table 4.30), the yields did not vary 
significantly with either Fe(II) or Fe(III) catalysts. Fe(acac)3 was used as the ideal catalyst 
due to its low cost and its non-hygroscopic property. [Fe(salen)Cl] was used with 
secondary alkyl Grignard reagents (entry 2) for efficient reactivity by avoiding steric 
hindrance.36 Interestingly, n-alkyl, sec-alkylmagnesium halides, trialkylzincates (entry 3), 
and all types of organomanganese reagents (entries 4-6) functioned as excellent 
nucleophilic components, which resulted in remarkable yields.37 In contrast, Li and Al 
containing nucleophiles (n-BuLi, Et3Al) were unsuccessful in yielding the desired coupling 
product38 which they accounted for their inability to form a covalent Fe-Metal bond (Mn, 
Mg, Zn). This was hypothesized to be essential in generating the active catalyst for the 
discussed reactivity.  
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Despite the remarkable reactivity displayed by alkyl Grignard reagents in the Fe 
catalyzed cross coupling reaction, allyl- and vinylmagnesium bromide with aryl halides 
resulted in no coupling product while PhMgBr afforded the coupling product in low yields 
(entry 7). This was mainly attributed to production of biphenyl via oxidative dimerization 
of the Grignard reagent. This observed reactivity difference of the above Grignard 
reagents however, had been reported previously where it was speculated that the 
organometallic intermediate can potentially decompose under the reaction conditions to 
afford biaryls or dienes, but the absolute reasons behind the observed reactivity remains 
unclear.39,40,14 
 Notably, as opposed to the poor reactivity exhibited by PhMgBr with the aryl halide 
in entry 7 (Table 4.30), the corresponding heteroaryl substrate (entry 13), (table 4.30) 
was observed to generate the desired product in significantly improved yields and 
Table 4.30. Nucleophile and Iron Precatalyst Screen for Iron Catalyzed Cross Coupling Reaction
Entry
1
2
3
4
5
6
7
8
9
10
11
12
13
Ar–Cl R–M
C2H5MgBr
i-C3H7MgBr
Et3ZnMgBr
C14H29MnCl
(C14H29)2Mn
(C14H29)3MnMgCl
C6H5MgBr
n-C6H13MgBr
n-C6H13MgBr
n-C6H13MgBr
n-C6H13MgBr
n-C6H13MgBr
PhMgBr
Precatalyst
Fe(acac)3
Fe(salen)Clb
Fe(acac)3
Fe(acac)3
Fe(acac)3
Fe(acac)3
Fe(acac)3
Fe(acac)2
Fe(acac)3
FeCl2
FeCl3
Fe(salen)Clb
Fe(acac)3
Ar–R (%)
>95
59
93
96
>98
>98
28
90
91
85
88
96
73
Cl
O
Me
NCl
R M +
Precatalyst
Ar–R’Ar–Cl
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negligible amounts of the biphenyl byproduct was observed. Reports by Kharasch and 
workers had established that aryl halides potentially behave as stoichiometric oxidizing 
agents in generating biaryls by catalytic decomposition of the Grignard reagents under 
the reaction conditions. Thus the observed reactivity of the heteroaryl compound was 
attributed to its lower oxidizing potential. Furstner et. al further focused on expanding the 
potential electrophiles of the cross coupling reaction (Table 4.31). 
 
 It was evident that relatively electron deficient chlorides, and tosylates react 
efficiently to afford the coupling product in excellent yields. This included aryl compounds 
with various substituents such as esters 4.29.A, sulfonates (entry 4), nitriles (entry 1), 
sulfonamides (entry 8), and –CF3 groups (entry 2) and many heterocyclic compounds as 
illustrated in Table 4.31. Whereas, the presence of triflates was essential in driving the 
electron rich arenes towards the coupling products (entry 5). Among the other noteworthy 
Table 4.31. Electrophile Screen for Iron Catalyzed Cross Coupling Reaction
Entry
1
2
3
4
5
Ar–X Ar–R (yield)
91% (X=Cl)
80% (X=OTf)
74% (X=OTs)
94% (X=Cl)
72% (X=OTf)
75% (X=OTs)
0% (X=Cl)
81% (X=OTf)
85%
0% (X=Cl)
90% (X=OTf)
CN
X
R–MgBr
n-C14H29MgBr
n-C14H29MgBr
n-C14H29MgBr
n-C6H29MgBr
n-C14H29MgBr
CF3
X
CH3
X
S
O OiPr
O
Cl
XMeO
OMe
Entry
6
7
8
9
10
Ar–X Ar–R (yield)
95%
56% 
85%
89%
93%
41%
NMeO
    R–MgBr
n-C14H29MgBr
iPrMgBr
n-C14H29MgBr
n-C14H29MgBr
n-C6H29MgBr
n-C14H29MgBr
Cl
N
N NH
N
Cl
N
N
Cl
SMe
N
N Cl
S
Cl
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chemoselective reactivity was (entry 7), where regardless of the presence of an acidic 
proton on the N atom, the reaction was performed efficiently to give good yields. It was 
also remarkable to observe chemoselectivity by Grignard reagent on C-Cl bond over a C-
S bond positioned on an activated carbon, affording the desired product in good yields 
(entry 8), especially because of the known reactivity of Grignard reagents with thioethers 
upon Ni-catalyzed Kumada-Corriu reaction conditions.41  
In addition to the above discussed investigations, Furstner et. al also screened 
several substrates to establish moderate to good yields for Fe catalyzed cross coupling 
between aryl Grignard reagents and heteroaryl halides. As previously mentioned, as 
opposed to the reactivity displayed by arylhalides, heteroaryl halides reacted significantly 
better with aryl Grignard reagents. It should also be noted that these reactions were 
performed in the absence of NMP, in THF. 
4.3.2.6 Furstner (2004) - Alkyl Halides with Aryl Grignard Reagents   
Furstner et. al. were also able to successfully achieve unprecedented cross 
coupling between aryl Grignard reagents and alkyl halides during their efforts to elucidate 
the reaction mechanism.42 Their contribution towards elucidating the reaction mechanism 
will be discussed later in detail, while the previously mentioned reactivity will be 
elaborated here. They speculated the formation of highly reduced iron-magnesium 
complexes of molecular formula, [Fe(MgX)2]n, generated by immediate reduction of the 
Fe precatalysts (Fe(II)/Fe(III) upon exposure to Grignard reagents. This complex acts as 
the active catalyst during a coupling reaction.43,44 In order to assess this hypothesis they 
sought to employ a structurally well-defined Fe catalyst with a Fe-2 metal center that 
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closely resembles the hypothetical active catalyst [Fe(MgX)2]n, in achieving coupling 
reactivity with the established conditions. Tetrakis(ethylene)ferrate complex, 
[Li(tmeda)2][Fe(C2H4)4] (tmeda = N,N,N’,N’-tetramethylethylenediamine) elaborated by 
Jonas et. al. was used as the representative catalyst.45 
Intriguingly, while this Fe-2 catalyst was found to drive the coupling reaction for alkyl 
Grignard and aryl halide coupling, it was also observed that the coupling between alkyl 
halides and aryl Grignards took place at an efficient rate with excellent yields (Table 4.32). 
The broad substrate scope contained primary alkyl iodides, secondary alkyl bromides, 
allyl and propargyl halides which resulted in aryl coupled products in excellent yields. 
Alkyl chlorides and tertiary halides in general were among the few electrophilic substrates 
that failed to display the desired reactivity. This unprecedented reactivity was considered 
remarkable due to its high reaction rates at temperatures as low as –20 ºC and almost 
quantitative yields as compared to Pd and Ni catalyzed alkyl-aryl cross coupling 
reactions46,47 and related arylations with stoichiometric organocopper reagents 
reported.48  
As had been observed for commonly used Fe precatalysts, coupling reactivity with 
the tetrakis(ethylene)ferrate complex also displayed excellent chemoselectivity in relation 
to Grignard reagents, towards otherwise reactive functional groups such as ketones, 
nitriles, esters, ethers, acetals and enolates. Observed coupling reaction rates were 
significantly high since the uncatalyzed Grignard addition on the previously mentioned 
functional groups was not observed. 
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In addition to the discussed observations with the tetrakis(ethylene)ferrate 
complex on alkyl-aryl cross coupling, few other noteworthy reaction outcomes were 
obtained. Successful Fe catalyzed cross coupling reactivity observed for allylic halides 
with aryl Grignards had not been previously reported (entry 5). These reports discuss only 
the utility of less abundant allylic phosphates for similar transformations.49  
Moreover, when allylic halides were subjected to reaction conditions the aryl group 
from the Grignard reagent was regioselectively introduced to the least sterically hindered 
Table 4.32. [Li(tmeda)]2[Fe(C2H4)4] Catalyzed Cross Coupling of Alkyl Halides and Aryl Grignard Reagents
Entry
1
2
3
4
5
6
7
8
Ar–X Ar–R (yield)
96% (X = I)
61% (X = Br)
93%
89%
87%
94%
98%
93%b
77%c
R–MgX
PhMgBr
PhMgBr
PhMgBr
PhMgBr
PhMgBr
PhMgBr
PhMgBra
PhMgBr
PhMgBr
X
Br
Br
Br
OEt
O
Br
OEt
O
Cl Cl
Ph
Br
O
I
O
Product
Ph
Ph
Ph
Ph
OEt
O
Ph
OEt
O
Ph Ph
Ph
Ph
O O
Ph
a Using 2 equiv of PhMgBr. b 15:1 mixture with 1,1-diphenylallene. c The reaction was performed at 0ºC
X
R2R1
+
XMg
R3
[Li(tmeda)]2[Fe(C2H4)4] 
THF, –20 ºC, <10 min
R3
R2
R1
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carbon. Propargyl bromides also exhibited good reactivity yielding in the desired product 
in good yields with insignificant amounts of allenic byproduct (entry 7). Considering entry 
2, loss of stereointegrity at the reacting carbon was observed, which they attributed to a 
possible radical reaction mechanism or an organometallic reaction pathway. However, 
evident ring closure by 5-exo-trig cyclization followed by cross coupling on entry 8 is 
strongly suggestive of radical intermediates participating during the reaction mechanism. 
In the contrary, this observation couldn’t likely be applicable to the generality of this 
reaction mechanism as analogous substrates under identical reaction conditions were not 
observed to cyclize in a similar fashion (entry 3).  
In addition to the studies reported by Fürstner and workers many other groups 
have contributed to Fe catalyzed cross coupling reactions in various aspects out of which 
few of the key reports will be discussed here. 
4.3.2.7 TMEDA Catalyzed Iron Cross Coupling Reactions 
Fox and co-workers developed a method to effectively cross couple aryl halides 
4.33.A and alkyl Grignard reagents with catalytic amounts of TMEDA as a ligand to obtain 
the desired cross coupled products 4.33.B (Table 4.33).50 They claimed the required Fe 
catalyst and the ligand/additive loading to be lower than that of the previously reported 
values when the reaction is conducted in the presence of TMEDA. 
Moreover, it is noteworthy that the reaction could be conducted at ambient  
temperature as opposed to the low temperatures required when NMP is used as an 
additive. Improved yields were reported for activated aryl halides such as esters (entry 1 
& 2), amides (entry 4 & 5)  and benzotrifluoride (entry 3).  
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4.3.2.8 NHC ligand Supported Iron Catalyzed Cross Coupling 
 Nakamura and workers reported an Fe-catalyzed selective biaryl coupling of aryl 
chlorides 4.34.A with aryl Grignard reagents with minimal homocoupling. The presence 
of fluoride ions and N-heterocyclic (NHC) ligands were demonstrated to be essential for 
the observed high yields and selectivity.51 Representative examples are illustrated in 
Table 4.34. 
 
R
Cl
EtMgCl (1.2 equiv)
Fe(acac)3(0.1 - 1.0 mol%)
TMEDA (10 mol%)
THF (ambient temp)
R
Et
R = CO2Me, CONR2, CF3
Entry
1
2
3
4
5
Ligand (mol%)
NMP (600)
TMEDA (10)
TMEDA (10)
NMP (600)
TMEDA (10)
T (ºC)
0
20
20
0
20
Conversion
(% by NMR)
>99
>99
93
88
97
Fe(acac)3
(mol%)
5
1
0.1
5
0.1
R
CO2Me
CO2Me
CF3
CO2NPyr
CO2NPyr
Table 4.33. TMEDA Catalyzed Coupling of Aryl Grignard Reagents and Alkyl Halides.
4.33.A 4.33.B
Table 4.34. Fe-Catalyzed Selective Biaryl Coupling in the Presence of Fluoride Ions and NHC Ligands
Cl
Iron salt (5 mol%)
additive
p-TolMgBr (2.5 equiv)
THF, 60 ºc, 24 h
p-Tol
4.34.A 4.34.B 4.34.C 4.34.D
p-Tol
p-Tol
Entry
1
2
3
4
5
Iron salt
FeF3.3H2O
FeF2.4H2O
FeCl3
FeF3.3H2O
FeCl3
Additive (mol%)
SIPr.HCl (15)
SIPr.HCl (15)
KF (20), SIPr.HCl (15)
none
SIPr.HCl (15)
                       Yield (%)
4.33.B     4.33.C     4.33.A     4.33.D
   98           <1             0             4
   96           <1             2             4
   92             1             0             8
    6           trace        93            4
   
   32             2           10            32
NN
i-Pr
i-Pr i-Pr
i-Pr
Cl—
SIPr.HCl
 234 
 
 
 
 
 In cross coupling reactions of aryl halides and aryl Grignard reagents, it is possible 
to get a mixture of homo-coupled products in addition to the cross coupled product. 
However, incorporation of the NHC ligand and fluoride counterions, afforded the desired 
cross coupled product in good yields with minimal formation of byproducts (entries 1-3). 
The effect of fluoride ions and NHC ligands was further demonstrated by control 
experiments, omitting each of those components to observe no significant reactivity 
towards the desired coupling product (entries 4-5).  
They also reported this reactivity on differently substituted (electron donating and 
withdrawing) aryl halides and Grignard reagents which afforded the desired products in 
excellent yields. This work was later extended by the same group to achieve similar 
reactivity with Ni and Co catalysts under these reaction conditions.52 A common 
noncanonical mechanistic hypothesis was put forward to explain this reactivity, where a 
“highvalent heteroleptic metalate” of the composition [ArMF2]MgBr, is speculated to be 
the active catalyst in driving the cross coupling reaction. Fluorides ions, via their strong 
coordination to the metal center, was proposed to restrict the reduction of the metal center 
via typical transmetallation and reductive elimination pathways; hence assisting the 
formation of the above mentioned active species.  
4.4 Mechanistic Studies  
Regardless of the many research programs developing Fe-catalyzed coupling of 
Grignard reagents, no conclusive studies have been conducted to clarify the prevailing 
doubts on the reaction mechanism. These doubts can be attributed to the different 
reaction conditions and substrates that have been utilized in various studies and that each 
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different system is likely to undergo different reaction mechanisms based on the 
observations made. Therefore, all the studies have not been able to collectively contribute 
to understand the underlying reaction mechanism.  
In the last two decades, a remarkable amount of work has been performed in 
attempting to resolve the indistinct spaces of the reaction mechanism. A general Fe 
catalyzed cross coupling reaction is performed with pre-catalysts comprising of an Fe(II) 
or Fe(III) metal center, which upon exposure to organometallic nucleophiles, is reduced 
to the proposed active catalyst; the exact structure of which has not been clarified to date. 
Intriguingly, at the inception of Fe catalyzed cross coupling reaction, Kochi identified this 
active catalyst in the reaction as a reduced species of soluble Fe.15,53  
Despite the lack of clarity in the reaction mechanism in operation, based on many 
speculations made on experimental evidence, three major mechanisms can be identified; 
a “canonical” cross coupling mechanism, a mechanism based on an organoferrate 
manifold and a “non-canonical” mechanism with low valent intermetallic active catalysts. 
Regardless of the large gaps in understanding the reaction mechanism, the empirical 
data implies, the possibility of multiple possible mechanisms have been put forward 
depending on the substrates and reaction conditions. Catalytic cycles interchanging 
between Fe species Fe(–2)/Fe(0)43, Fe(0)/Fe(+2)15,54 and Fe(+1)/Fe(+3)15,55  along with 
mechanisms lacking such redox manifolds have been reported in the literature. The latter 
revolves around nucleophilic organoferrate complexes of different arrangements as the 
reactive intermediate species in accordance with analogous established mechanisms 
from organo copper chemistry.56,57  
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Mechanistic studies on Fe catalyzed cross coupling reactions have progressed at 
a rather slow pace due to the poor understanding of organoiron derivatives lacking 
stabilizing ligands.58,59 These being highly sensitive and reactive making it challenging to 
characterize these reactive catalytic species. This section will broadly discuss the 
applicability and progress on each proposed mechanism. 
4.4.1 Canonical Cross Coupling 
Kochi’s initially speculated Fe-catalyzed cross coupling reactions catalyzed by a 
“reduced form of soluble iron”  have set the foundation for this proposed mechanism. It 
was contemplated that the commonly employed pre-catalyst, FeCl3 is reduced upon 
exposure to Grignard reagent to generate the reduced active catalyst.15 Years of 
contributions towards this suggested mechanism is collectively professed as the 
canonical mechanism of Fe catalyzed cross coupling (Scheme 5.35).15 
Considering Kochi’s original mechanistic proposal, the mechanism posseses three 
major steps. The mechanism is initiated from an oxidative addition of the alkenyl halide 
to the reduced active iron catalyst followed by a transmetallation of the Grignard reagent. 
Then a subsequent reductive elimination step yielding the desired coupling product and 
regenerating the active catalyst species.  
In the proposed reaction mechanism (Scheme 4.35), the active catalyst was 
considered to contain Fe(I) although the possibility of it being Fe(0) was also considered. 
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In detailed mechanistic studies performed on alkenyl halide-Grignard cross 
coupling reactions using EtMgBr 4.36.A and 1-bromopropene 4.36.B, 5 side products 
were observed (Scheme 4.35). These side products were ethane 4.36.C, ethylene 
4.36.D, propylene 4.36.E, propenylMgBr 4.36.F and 2,4-hexadiene 4.36.G in addition to 
the desired coupling product, 2-pentene 4.36.H.14  
 
Quantities of these products were shown to align with complete material and 
electron balance of the catalytic process. Moreover, 2-pentene was obtained starting from 
either (Z) or (E) 2-bromopropene as was the 2,4-hexadiene side product. Isotopic labeling 
of the ethyl group in EtMgBr revealed that ethane, ethylene, and propylene were 
generated as a result of disproportionation of EtMgBr and 1-bromopropene.14  
Even in the presence of the most active catalyst Fe(DBM)3, high yields of cross 
coupled products were only obtained when the alkyl group of the Grignard reagent did 
not contain b-hydrogens. Side products such as ethane and ethylene were obtained along 
Fe(I)
Fe(III)
(I)Fe
R
CH=CHCH3
BrCH=CHCH3
Br
CH=CHCH3
MgBr2 RMgBr
RCH=CHCH3
Scheme 4.35. Proposed Kochi Mechanism for Iron Catalyzed Cross Coupling
oxidative addition
transmetallation
reductive elimination
Scheme 4.36. Product Distribution in Fe-Catalyzed Cross Coupling Reaction
+ FeXnMgBr Br
+ +
+
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with the coupling product for other Grignard reagents such as EtMgBr, containing b-
hydrogens. However, the exact role of b-hydrogens, in the reaction mechanism was not 
clarified. Desired coupling product, 2-pentene was obtained in about 50% yield. 
Remaining material balance was attributed to the other side products.  A control reaction 
confirmed no reactivity in the absence of the Fe(DBM)3 catalyst. Hypothetical explanations 
were produced for the generation of each side product and the major product (Scheme 
4.37).14 
 
 
Oxidation of EtMgBr would generally result in ethane and ethylene as shown in 
equation 2. Resulting electron discrepancy can be balanced by a potential reduction of 
the alkyl halide to generate an equivalent amount of 2,4-hexadiene as illustrated in 
equation 3. Yields of these side products were also compatible with this hypothesis. An 
Fe catalyzed disproportionation as illustrated by equation 5 can generate propylene and 
ethylene, where presumably, the combined yields of ethane and propylene will be similar 
to that of ethylene generated. PropyleneMgBr can be generated by a halogen exchange 
Scheme 4.37. Generation of Multiple Products in the Fe-Catalyzed Cross Coupling Reaction
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between the Grignard reagent and the 1-bromopropene as shown in equation 4. The 
above discussed reactions were assumed based on the material and electron balance 
related to each product.14 
 Furthermore, It was observed that cis- and trans- vinyl halides resulted in cis- and 
trans- coupling products respectively, with retention of configuration as demonstrated in 
(Scheme 4.38). This observation in relation to stereospecificity also supports their 
proposed mechanism.  
 
 However a complete characterization of the active catalyst species was 
challenging due to its metastability and hygroscopic nature that made a detailed 
characterization of the catalyst extremely difficult. Although, partial support for this 
mechanism came from the observations made on the presence of EPR active Fe species 
in the reaction mixture, the exact oxidation state of the active catalyst involved in the 
reaction remains unresolved.14   
4.4.2 Non-canonical Mechanism Based on a Hetero-bimetallic Catalyst/Low Valent 
Redox Manifold 
 
 Furstner and co-workers set out to investigate the Fe catalyzed cross coupling 
reactions taking into consideration the striking observation in the different reaction 
outcome when MeMgBr and EtMgBr were subjected to coupling conditions with aryl 
halides (Scheme 4.38).43 EtMgBr was found to yield the coupling product in an almost 
Scheme 4.38. Stereospecific Cross Coupling
MeMgBr
Me
Br
Me Br
FeCl3 (0.3 mol%)
THF
Me
Me
Me
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quantitative yield at ≤ 0º C in a rapid reaction while MeMgBr did not proceed at all towards 
the desired product. They also observed a significant difference in the colors of the 
reactions, where with MeMgBr the reaction was observed to result a yellow-colored 
solution that gradually turned dark. However, addition of EtMgBr was observed to 
instantly change the reaction to a dark brow/black color (Scheme 4.39). They sought to 
explore further into these two entirely different observations. 
 
It was realized that the dark brown color observed with EtMgBr was in line with the 
findings of Bogdanovic and workers.39 Bogdanovic and workers investigated the 
stoichiometric coupling reaction of FeCl2 with alkyl Grignard reagents.60,61 Their studies 
indicated that FeCl2 in the presence of 4.0 equiv. of Grignard reagents generates a 
bimetallic species of the formal composition [Fe(MgX)2]n via a four electron reduction 
given that the Grignard regent is able to undergo b-hydrogen elimination (Scheme 
4.40).62,63 Bogdanovic and workers further reported these bimetallic species to have 
displayed a dark brown color. 
Scheme 4.39. β-Hydrogen Requirement on the Grignard Reagent for Iron Catalyzed
Cross Coupling Reaction
Cl
O
MeMgBr
Fe(acac)3 5 mol%
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EtMgBr
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No cross coupling
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 Bogdanovic and workers also envisioned that these species exist in small clusters 
that incorporates Fe and Mg metal centers holding them with each other via fairly covalent 
intermetallic bonds.60,61 These observations also suggested that the reduction of the Fe 
precatalysts may not stop at the zero valent state, but can potentially go forward to yield 
Fe-II metal centers. Since the reaction conditions utilized in these investigations closely 
resembled the cross coupling conditions with catalytic Fe, a low valent bimetallic catalyst 
initiated catalytic cycle seemed reasonable with extremely nucleophilic metal centers 
(Scheme 4.41).43  
 
Several major differences can be identified in this hypothesis in comparison to the 
original reaction mechanism put forward by Kochi. A low valent iron species is speculated 
Scheme 4.40. Proposed Elementary Steps Leading to the Formation of an “Inorganic Grignard Reagent” of Iron
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Scheme 4.41. Non-Cannonical Proposed Mechanism Based on a Low Valent Redox Manifold
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to be the active catalyst in this reaction mechanism whereas Kochi mechanism assumes 
a Fe(+1)/Fe(+3) redox couple as the major catalytic species. Although the first step in 
Kochi coupling is considered to be an oxidative addition, with [Fe(MgX)2]n type active 
catalyst, the reaction with the organic halide can be better described as a s-bond 
metathesis (B). Finally the mechanism does not exhibit the generation of an organoiron 
halide that can undergo transmetallation. Therefore, the reaction with Grignard reagent 
with the respective intermediate catalytic species likely occurs via an alkylation in place 
of a regular transmetallation (C), followed by a reductive elimination (D) to afford the 
desired product. 
Although actual spectroscopic data is not available for proper characterization of 
a low valent active iron species due to its high reactivity, thermal instability and 
paramagnetic character, empirical evidence aligns with a similar potential 
mechanism.43,64 The speculation implies that the catalytic cycle is possibly initiated by a 
negatively charged Fe active species as opposed to a Fe(+1) or Fe (0) (Scheme 4.42). 
 
 4-Chlorobenzoic acid methyl ester 4.42.A and n-tetradecylmagnesium bromide 
yields the coupling product 4.42.B in >95% GC yield in less than 5 min upon reacting with 
FeClx (X = 2,3) pre-catalyst at ambient temperature and proceeds well at temperatures 
Scheme 4.42. Mechanistic Studies on Fe(0)* Catalyzed Cross Coupling Reaction
FeCl3 Fe(0)* no reaction with 4.42.A
X
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as low as –60 ºC.43 However, when the reaction was repeated using Fe metal Fe(0)* 
powder65 in place of the regular Fe pre-catalyst, which was prepared by reducing FeCl3 
with potassium66, no reactivity was observed at ambient temperature and insignificant 
reactivity was observed upon forced conditions.  
The low reactivity observed can be assumed to stem from the possible 
heterogeneous nature of the Fe(0)* powder being a slurry compared to the homogenous 
pre-catalyst. However, the vast difference observed in the reactivity cannot be likely 
attributed to this reason. Moreover, it was observed that when Fe(0)* powder in THF, 
upon exposure to excess Grignard reagent dissolves gradually resulting in a dark brown 
homogenous solution. This suggests that it catalyzed the reaction as expected. This 
implies that Fe(0)* likely reacts with Grignard reagent to generate a soluble form of an 
active catalyst that is of a formal oxidation state < 0. These studies collectively support 
the generation of a [Fe(MgX)2]n type active catalyst as postulated.   
Moreover, it should be noted that the insinuation of the existence of low valent Fe 
species is not novel, as there exist abundant reports of its utility and existence, in studies 
conducted by Collman and workers. They have elaborated Na2Fe(CO)4 to be a 
structurally well-defined entity with high nucleophilicity that can potentially resemble an 
inorganic Grignard Reagent.67 
Based on the high potential of the involvement of [Fe(MgX)2]n type active catalyst 
in this reaction, it can be reasonably assumed that these clusters are connected to each 
other via covalent like interactions between the Fe and Mg centers. This hypothesis can 
also be closely supported by the well-defined X-ray structures of 
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[(Cp(dppe)Fe(MgBr))•3THF], which structurally closely resembles the postulated active 
iron species in discussion.68 Furthermore, spectroscopic data reported on 
[Cp(CO)2MgBr(THF)n] also share resemblance with the proposed low valent Fe species.69 
There are also a few other reports on detailed characterization acquired by X-ray 
crystallography70 and in depth EXAFS studies71 denoting the covalent nature of 
intermetallic bonds between transition metals and magnesium in similar structures. 
Difficulty of characterizing the active species in the Fe catalyzed cross coupling 
reaction due to its high reactivity and instability have prevented the ease of obtaining 
spectroscopic data to directly verify the structure of the active catalyst. Going along the 
hypothesis that  [Fe(MgX)2]n type entity can potentially be the active catalyst, Furstner 
and workers set out to validate this speculation using different experimental 
approaches.32 
They sought to employ a structurally well-defined Fe catalyst consisting of a Fe(-
2) metal center that closely resembles the postulated [Fe(MgX)2]n type structures in the 
cross coupling reaction in place of a regular FeX3 type pre-catalyst.32 
Tetrakis(ethylene)ferrate complex, [Li(tmeda)2][Fe(C2H4)4] (tmeda = N,N,N’,N’-
tetramethylethylenediamine) elaborated by Jonas et. al. was used as the representative 
catalyst.45 It was identified that structural features seemed to align closely with the 
proposed intermediate structure of [Fe(MgX)2]n and the reaction was performed on 4-
chlorobenzotrifluoride 4.43.A with hexyl magnesium bromide in a solution of THF/NMP at 
0 ºC. Gratifyingly, the reaction was observed to advance within several minutes producing 
the desired coupling product 4.43.B in 85% yield. This yield also compared remarkably 
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to the yields obtained for the same reaction under the regular reaction conditions using a 
Fe(acac)3 pre-catalyst (Scheme 4.43).   
 
Detailed substrate scope expansion and reactivity experiments with the 
unprecedented reactivity of this catalyst on organic halides and Grignard cross coupling 
was discussed earlier in this chapter.  
Along with the speculated hypothesis with experimental support on the generation 
of low valent Fe species, they also suggested the possibility that these low valent Fe 
active complexes can participate in single electron transfer mechanisms, opening multiple 
redox cycles operating through odd numbered formal oxidation states.43 Based on the 
experimental data and considering the many possibilities of different catalytic cycles to 
operate under these reaction conditions, it was suggested that the actual reaction 
Cl
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Scheme 4.43. Mechanistic Studies on Fe(-II) Catalyzed Cross Coupling Reaction
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mechanism can be a combination of many possible catalytic cycles interchanging 
between each other (Scheme 4.44).  
4.4.3 Organoferrate Manifold 
 Many reports in the literature have mentioned the possibility of homoleptic 
nonstabilized organoiron complexes formed in-situ during reactions of various 
compositions with organolithium or magnesium halide reagents.72,56 However, no such 
intermediates related to cross coupling reactions have been structurally confirmed or 
characterized. It has only been confirmed that FeCl3 is reduced immediately to FeCl2 upon 
exposure to Grignard reagents, which are unable to undergo b-hydride elimination, such 
as MeMgBr or MeLi.73 
 Regardless of the earlier statements on the extreme difficulty of isolation and 
characterization of such catalytic species,15 Furstner and co-workers set out to attempt 
the isolation of such complexes. They reacted FeCl3 with excess MeLi at low 
temperatures in ethereal solutions and were able to successfully isolate the resulting 
intermediate Fe complexes as a red solid. It was reported that the isolated complex tends 
to ignite rapidly and when allowed to reach ≥ 0ºC decomposed readily. Gratifyingly, they 
were able to re-crystallize the isolated complex from Et2O at low temperatures to retrieve 
crystals ideal for obtaining X-ray crystal structure analysis.74,75 Obtained X-ray crystal 
structure of the isolated homoleptic Fe complex is illustrated in (Figure 4.45). 
Careful analysis of the isolated X-ray crystal structure provided the overall 
chemical formula and the composition of the complex to be [(Me4Fe)(MeLi)][Li(OEt2)]2. 
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This work notably represents as the first alkyl-Fe-ate complex isolated without stabilizing 
ligands.  
This isolated Fe-ate complex was then employed in a typical cross coupling 
reaction, with chlorobenzoate and iodo-benzoate as electrophiles. Significant coupling  
1 
reactivity was not observed to yield the desired coupling product. However, interestingly, 
it was observed to catalyze the coupling reaction with more activated substrates such as 
acid chlorides and triflates to give the respective coupling products in good yields. 
Interestingly, the complex was also found to catalyze homocoupling reactions of aryl 
bromides via single electron transfer processes (Table 4.46).  
The reactivity observed for the Fe-ate complex isolated, closely resembled that 
obtained with Fe(acac)3 under THF conditions for the same reactions where there was no 
coupling activity. Therefore it is safe to assume that Fe-catalyzed cross coupling reactions 
                                               
1 Fürstner, A.; Martin, R.; Krause, H.; Seidel, G. Goddard, R.; Lehmann, C. W. J. Am. Chem. Soc. 2008, 
130, 8773–8787. 
Figure 4.45. Structure of the Homoleptic Iron Complex
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conducted with methyl donors are operated via similar iron-ate complexes generated in 
situ.  
Keeping the reaction outcomes of PhMgX with MeMgX in cross coupling reactions 
in mind, FeCl3 was reacted with excess PhLi in Et2O at low temperature to obtain the 
complex [Ph4Fe][Li(OEt2)]4, a brown-purple, thermally labile and pyrophoric complex, 
which had been previously reported with characterizations by X-ray crystallography as 
the only complex of (Fe(0) reported to date.76 Moreover, they were able to access a novel 
ferrate complex by limiting the amount of PhLi used which comprised of the formula 
[Ph4Fe][Li(OEt2)] [Li(1,4-dioxane)]. Both complexes obtained with PhLi were observed to 
thermally decompose yielding biphenyl as the major product. This is indicative of the  
 
Entry
1
2
3
4
5
Substrate Product Yield (%)
< 20
(X = Cl, I
60
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80
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X
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Me
Cl
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Cl
Me
O
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TfO
O O
Me
O
OTf Me
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Br
N
Table 4.46. Iron Catalyzed Cross Coupling with the Super-ate Complex
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possible generation of such intermediates in Fe catalyzed cross coupling reactions where 
its tendency to generate biphenyl is a significantly fast reaction compared to the coupling 
reaction with PhMgBr when the reaction is conducted under standard coupling conditions 
with less activated substrates. 
 Interestingly, the intermediate Fe-ate complexes described above were found to 
catalyze a rather challenging cross coupling reaction of PhMgBr with cyclohexyl 
bromide.74 Above discussed experimental data suggest that under Fe cross coupling 
conditions, donors unable to undergo b-hydride elimination immediately reacts with Fe 
pre-catalysts to generate organoferrate complexes such as the ones discussed 
previously, which selectively alkylate the more activated electrophiles and that they are 
not nucleophillic enough to transfer alkyl groups to less active aryl chlorides. At the same 
time, however, it was observed that these less active aryl halides react exceptionally with 
higher homologues of Grignard reagents (EtMgBr etc.) even at low temperatures resulting 
in excellent yields. These results suggest that these organoferrate complexes are unlikely 
to be responsible for the latter reactivity but an active species with a likely composition of 
[Fe(MgX)2] as discussed before.74  
All above ventures on investigating the mechanistic hypothesis for iron catalyzed 
cross coupling reactions, while certainly contributing to understand the fundamentals of 
reactivity in iron catalysis, requires further exploration to fully elucidate the underlying 
reaction mechanisms. 
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4.4.4 Mechanistic Studies at Low Temperature - Norrby 
Norrby and coworkers recently conducted studies on elucidating the current 
speculated reaction mechanisms on Fe catalyzed cross coupling reactions.77 Considering 
multiple possible combinations of coupling reactions based on the hybridization of the 
coupling components, they sought to explore into the reaction mechanism using the 
coupling of alkyl Grignard reagents with aryl electrophiles.77b  Their experimental data was 
used to understand and validate the few mechanisms that are popular in the area of Fe 
catalyzed cross coupling reactions. Using the initial speculations by Kharasch et. al.6 two 
catalytic cycles were outlined where “Fe” represents a reduced active catalyst (Scheme 
4.47).  
 
The proposed mechanism follows a transmetallation of the Grignard reagent, 
followed by an oxidative addition of the alkyl halide.77 Subsequently, the Ar–“Fe”–R 
complex undergoes reductive elimination to yield the desired product and to regenerate 
the catalyst. It should be noted that the possibility of swapping the first two steps was 
considered in this study as both cycles seemed to be in line with the reported kinetic 
data.15 
 Norrby and coworkers’ study was interpreted to indicate that the active catalyst in 
FeI oxidation state undergoes an oxidative addition of the aryl halide which was identified 
“Fe”
“Fe”-MgX
Ar-“Fe”-R
Ar-“Fe”
RMgX
Ar-X
Ar-X
RMgX
Ar-R
Scheme 4.47. Two Proposed Reaction Mechanisms for Fe Catalyzed Cross Coupling
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as the limiting step of the reaction.77 A fast transmetallation of the Grignard reagent to the 
Fe complex was speculated to take place prior to or followed by the oxidative addition to 
yield an alkyl aryl FeIII complex. The resulting complex was anticipated to undergo a 
reductive elimination delivering the product and generating a new FeI complex. Using their 
computational studies, it was also showed that Fe in lower oxidation states is unlikely to 
act as the active catalyst despite the possibility, as the energy barrier for reductive 
elimination to regenerate the active catalyst was calculated to be too high.77 Moreover, 
Norrby and coworkers observed a retardation in the reaction which they speculated was 
due to a catalyst deactivation. This result suggested addition of strong ligands, dilution of 
the reaction or, addition of NMP as a co-solvent as solutions to avoid the so-called 
deactivation of the catalyst. 
  In further investigations on the reaction mechanism, studies were conducted 
concerning low temperature Fe catalyzed cross coupling reactions.77 Kinetic studies 
including reaction monitoring, Hammett plot studies, and DFT calculations were used 
along with computational data to reveal some important aspects of Fe catalyzed cross 
coupling recations.77a Low temperature coupling reactions were selected for the 
mechanistic studies as they can be employed more advantageously, to achieve regio- 
and stereoselectivity as well as high functional group tolerance. It is also remarkable that 
Fe catalyzed cross coupling reactions can be conducted at very low temperatures for 
some substrates as other metal catalyzed cross coupling reactions report limited 
accounts on low temperature reactivity.78 
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Norrby and coworkers’ extensive kinetic experiments strongly supported a catalytic 
cycle operating via Fe(I)/Fe(III) oxidation states, given that slow addition of Grignard 
reagent is maintained so as to keep the Grignard concentration low.77 Moreover, the 
obtained data indicated the possibility of two catalytic cycles which differ in the stage at 
which the transmetallation occurs (Scheme 4.48). The results also revealed that high 
concentrations of Grignard reagent deactivates the catalyst which they speculated was 
due to the reduction of the organic Fe species, ArFe(III)X2 via a single electron transfer 
from excess Grignard reagent or via a comproportionation with Fe(I) complex. It was 
suggested, that the resulted Fe(II) species can only undergo transmetallation directly, and 
is unable to perform a reductive elimination at such low temperatures. This species was 
proposed to enter the regular catalytic cycle through a bimetallic coupling reaction to 
proceed towards the desired reaction outcome (Scheme 4.48). The side path proposed 
herein explains the reduced reactivity observed upon exposure to excess Grignard 
reagent and catalyst as it slows down the catalytic cycle.  
 
 Despite the few mechanistic hypothesis that have been put forward to explain the 
underlying mechanism of Fe catalyzed cross coupling reactions, no solid evidence has 
been reported with regard to the actual active catalytic species. Moreover, a conclusive 
Fe(I)–R
RMgX
Ar-X
Ar-X
RMgX
Ar-R
Fe(I)-X
MgX2
Fe (III)Ar
R
X
MgX2
Fe (III)Ar
X
X
Scheme 4.48. Two Proposed Reaction Mechanisms for Fe Catalyzed Cross Coupling
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reaction mechanism has not been established to reason out the observations made and 
the actual mechanism remains unclear. Therefore,  further studies must be conducted to 
resolve and establish a sound mechanism that can explain the observed reactivities. 
 
4.5 Applications of Fe Catalyzed Cross Coupling Reactions 
Despite its rather low popularity among the synthetic community, iron catalyzed 
cross coupling reactions have been employed in a few of the recently reported 
applications.79 Furstner and coworkers published an elegant route for the synthesis of 
(R)-(+)-Muscopyridine using iron catalyzed cross coupling as a key reaction in its 
assembling.80 (R)-(+)- Muscopyridine, an odoriferous alkaloid was first isolated by 
Ruzicka and Prelog81 and since then many accounts on its total synthesis have been 
reported.82 However, in spite of its simple structure, the synthetic routes reported are not 
attractive due to the number of steps involved and the poor yields. 
 In their approach Fürstner and workers utilized Fe catalyzed cross coupling of aryl 
halides 4.50.B & 4.49.C, and alkyl Grignard reagents 4.50.A, and 6-heptenylMgBr in key 
FeX
Ar
R
(III)
Ar R
Fe(I)X
FeX
Ar
X
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ArX
Fe(I)X
Fe(II)X2
Ar R
slow
ArFe(II)X ArFe(II)R
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Scheme 4.49. Plausible Catalytic Cycle for Cross Coupling-Norrby
 254 
 
 
 
 
steps to access the intermediates 4.50.C & 4.50.D that eventually led to the desired 
product (Scheme 4.50).80  
 
Another report on the total synthesis of combretastatins utilized cross coupling of an 
aryl Grignard reagent 4.51.A and an alkenyl bromide 4.51.B with Fe(acac)3 as the catalyst 
to result in the intermediate 4.51.C, which upon deprotection affords desired anticancer 
product 4.51.D (Scheme 4.51).83 
 
Prasad and workers reported the total synthesis of cinacalcet where Fe cross 
coupling of vinyl chloride 4.52.A with an aryl Grignard reagent 4.52.B was utilized to 
access the coupling product 4.52.C in 61% yield.84 Upon hydrogenation afforded the 
Scheme 4.50. Iron Catalyzed Cross Coupling in the Synthesis of (R)-(+)- Muscopyridine
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Scheme 4.51. Fe-Catalyzed Cross Coupling in the Synthesis of Combretastatins
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desired compound cinacalcet 4.52.D in 91% yield Cinacalcet is reported as a therapeutic 
agent utilized in treating secondary hyperparathyroidism (Scheme 4.52).84 
 
Zorin and workers reported a similar utility of Fe cross coupling reactions where the vinyl 
halide 4.53.A was reacted with PhMgBr under the coupling conditions to directly obtained 
the antifungal drug compound naftifine 4.53.B in good yield (Scheme 4.53).85 In addition 
to the above discussed applications there are other accounts of Fe catalyzed cross 
coupling utility in synthetic applications to access various complex molecules including 
therapeutic agents.  
 
4.6 Summary 
Grignard cross coupling reactions mediated by transition metals have advanced 
rapidly over the last few decades to serve as versatile reactions in assembling complex 
natural product frameworks including active pharmaceutical ingredients. Recent reports 
indicate Pd and Ni to be the most predominantly used transition metals in these reactions, 
Scheme 4.52. Iron Catalyzed Cross Coupling in the Synthesis of Cinacalcet
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which can be owed to their well-understood mechanisms and broad applicability. 
However the many disadvantages associated with the use of Pd and Ni largely 
overshadow their synthetic utility and strongly urges to be replaced by their non-precious 
metal counterparts such as Fe and Cu.  
Fe catalyzed cross coupling reactions, although they have not been investigated as 
extensively as other transition metals, have demonstrated commendable advancement 
over the last two decades. Detailed studies have been conducted on their reactivity, 
mechanism, substrate scope and applications by various different groups indicating Fe 
as a promising and better transition metal catalyst in cross coupling reactions. However, 
further investigations need to be carried out to better understand the underlying 
mechanisms of these reactions in order to successfully  enhance the reactivity and to 
expand its utility in applications. 
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SUMMARY 
Polycyclic N-containing heterocycles play an important role in therapeutic 
applications and as molecular tools in studying biological processes, making them 
important synthetic targets. Current synthetic approaches are too lengthy, use toxic 
reagents or are limited to accessing a particular framework and hence, their synthesis 
warrant further study.  
In general, free radical chemistry exhibits some elegant characteristics such as 
use of mild conditions, regioselectivity, and recently, stereoselectivity. Although carbon 
centered radicals (CCRs) have been studied extensively and utilized in synthetic organic 
chemistry, fewer reports show extensive studies on nitrogen-centered radicals (NCRs) 
and are less well studied. Because of their predictable reactivity and ability to access a 
variety of frameworks to rapidly assemble complex polycyclic nitrogen-containing 
molecules, there exists a need to further explore the chemistry of N-centered radicals to 
enhance their use as a synthetic tool.  
Aminyl radicals have not been studied as extensively as the amidyl, iminyl, and 
aminium radical cations for their reactivity and applications. This relative scarcity of 
research can be accounted for due to the relatively low reactivity of these groups and the 
tendency to lead directly to aliphatic amine products. 
Reaction conditions to avoid both reduction and slow addition in aminyl radical 
cyclizations were recently developed in our venture to access the constrained ABC core 
of calyciphilline A, a Daphniphyllum alkaloid. An electron deficient enone with a pendent 
internal alkyne as the neutral aminyl radical precursor was use for radical cyclization.  
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Typically used conditions for aminyl radical cyclization with AIBN as a radical 
initiator, Bu3SnH as the H-atom source in PhMe at 108 ºC, resulted in inconsistent yields 
with an internal alkyne. The same N-chloroamine substrate was subjected to the recently 
developed cyclization conditions with TIPSH or Bu3SnH as the H-atom donor in THF at 
100ºC in a sealed vessel, avoiding slow addition associated with the literature conditions 
to obtain the desired tricyclic compound as the major product in good yield. 
Based on these results on enone reactivity a hypothesis was made that the rate of 
the tandem cyclization over reduction can be significantly increased by introducing 
electron-deficient substituents on the olefin, also supported from the reported data with 
analogous allyl styrenyl substrates. Driven by the inconsistencies and lack of exploration 
in reported work done on aminyl radical cyclizations and based on the above hypothesis, 
utilization of the new cyclization conditions was envisioned to get an insight into any 
electronic preferences operating towards the cyclized product over the H-atom transfer 
product for various substrates with different electronics. It was also expected to promote 
tandem cyclization of relatively simple aminyl radical precursors to establish a substrate 
scope for useful heterocyclic scaffolds that are otherwise challenging to synthesize.  
The enone functionality was hypothesized to lower the activation barrier to result 
in enhanced reactivity in comparison to the enhancement provided with a phenyl 
substituent or a H.  
Phenyl and enone substituted substrates and non-polarized olefin were subjected 
to the new cyclization conditions with TIPS or TTMS as the H-atom donor to obtain good 
yields of the cyclized product. Interestingly, 5-exo-trig/5-exo-dig tandem cyclization of the 
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methoxymethyl substituted olefin was also observed while any cyclization for the 
equivalent 5,6 cyclization with the analogous methoxy substituted substrate was 
observed. 
Experimental data with all the substrates demonstrated approximately similar 
reactivity resulting similar yields as opposed to the hypothesis and the computational 
calculations showing a lower energy barrier for phenyl and enone vs. terminal and 
methoxymethyl substrates. Therefore, the reactivity observed suggests that there is no 
significant difference in the energy barriers for the above substrates experimentally under 
our cyclization conditions. 
The possible reversibility of a 6-exo-dig cyclization of 5-exo/6-exo tandem 
cyclization of a similar substrate was also sought to be investigated, as generation of 
some reduction product with a corresponding trans-styrenyl substrate was observed. 
Presumably, the second cyclization which is a 6-exo-dig cyclization is slower than a 5-
exo-dig second cyclization, which may lead to a reversible radical ring opening of the 5-
membered mono-cyclized radical intermediate to result in the reduced amine. Testing this 
hypothesis by subjecting a cis analogue of the styrenyl N-homo-propargyl pentenyl 
substrate to the reaction conditions was envisioned. 
If the second endo cyclization is reversible due to its low reaction rate, this can 
lead to the ring opening of the intermediate mono-cyclized benzylic radical yielding the 
reduced amine. Any isomerization of the isolated reduced amine would suggest 
scrambling during the reaction explaining the above reactivity. Interestingly, we observed 
 279 
 
no isomerization of the isolated non-cyclized amine suggesting that the second cyclization 
is irreversible. 
Moreover, employing a terminal alkyne trap in place of an allyl group in the radical 
cyclization precursor molecules was observed to be critical in obtaining the 5-exo product 
exclusively avoiding the 6-endo product. Reported data on a similar substrate with an allyl 
group shows different 5-exo/6-endo selectivity yielding in mixtures of products. This 
activity can be explained by known reversible nature of the H-atom transfer with a primary 
radical generated in a cyclization with an allyl trap. Observed reactivity with an alkyne trap 
aligns with the irreversible nature of the H-atom transfer with a vinylic radical. The 
irreversibility of these 5,5/5,6 cyclizations with a terminal alkyne trap can also enhance 
the synthetic utility of this reaction in obtaining the desired cyclized products. 
Favorable radical cyclization conditions for chloroamine radical precursors which 
avoid slow addition, thereby minimizing the unnecessary formation of the reduced amine 
were established. Established reaction conditions use THF as a solvent with AIBN as the 
radical initiator and a H-atom donor (TTMSH, TIPSH, Bu3SnH) at 100º C in a sealed 
vessel. It is also a significant improvement to have been able to use silanes as potential 
H-atom donors in place of toxic Bu3SnH. 
Established conditions were also employed to enhance the reactivity and the 
selectivity of 5-exo initiated tandem aminyl radical cyclizations, for which the use of a 
terminal alkyne trap was of critical Importance. These improvements in this radical 
cyclization methodology can be manipulated in understanding the impact of electronics 
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on aminyl radical cyclization of related systems and to access similar heterocyclic cores 
that are otherwise difficult to synthesize. 
Cross coupling reactions using transition metals have played a vital role in the 
synthesis of active pharmaceutical ingredients via C-C and C-heteroatom bond formation, 
and has shown rapid advancements in the last few decades. While Pd is the most 
predominantly used transition metal for cross coupling reactions, there are some 
disadvantages associated with Pd such as the cost, toxicity, waste management and 
sustainability issues. Thus, attempts have been taken to explore new metals that can be 
used to achieve similar transformations avoiding the above mentioned drawbacks.  
Use of transition metals for coupling reactions of Grignard reagents date back to 
several decades where most commonly used transitions metals in achieving this reactivity 
are Cu, Co, Cr, Mn, Fe and Ni salts where catalytic CoCl2 was initially identified as optimal. 
First use of transition metals for this reactivity was stoichiometric and the first 
catalytic use of Fe on Grignard coupling was reported by Kochi and workers in 1971. Use 
of iron salts for cross couplings provide significant advantages over other transition metals 
due to the above mentioned reasons. Since the initiation of the catalytic use of Fe, a large 
amount of work has been contributed to the field in refining the Fe catalyzed Grignard 
cross coupling reactions.   
Regardless of the amount of research conducted on this reactivity it was noted that 
there exist several unsolved areas with regard to this cross coupling reaction, such as the 
stability of the catalyst, solvent effect, impact of the reagents upon the overall reactivity 
and more importantly the mechanism by which this reaction operates.  
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Initial experiments were conducted with various Fe catalysts and additives in line 
with reported work to get an insight into addressing the problems in the existing 
conditions. 
Further experiments were carried out with NMP and DMPU as additives which 
helped in establishing the debated stability of the catalyst.  
Optimal reaction conditions for a Cahiez-Furstner modified Kochi coupling reaction  
were established following the above experimental outcome and DoE data that were 
generated using four main factors impacting the reaction and the responses with regard 
to yield conversion and selectivity with those factors. Further studies were conducted to 
confirm the exclusive reactivity of Fe in this reaction by performing a metal analysis in 
three different approaches. 
A large substrate scope was established after careful optimization of the catalytic 
loading and Grignard equivalents for each substrate. Moderate to good yields were 
obtained for a wide range  of substrates with different electronic environments. 
Exploration into the literature revealed the possibility of multiple mechanisms at operation 
depending on the substrate. Also, the hypothesized mechanisms in the literature have 
not been successfully validated with experimental evidence to date, and the reported data 
do not align well with the mechanistic hypotheses put forward. Therefore, detailed 
mechanistic studies were conducted in efforts to validate the hypothesized mechanisms.  
Divergent functionalization of peptides holds high potential to be used as 
therapeutics owed to many of their characteristics. Their small size and the nature of the 
structure allows them to disrupt protein-protein interactions which may play a vital role in 
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diseased cells and organisms. Also, the site selective protein modifications can be used 
as an important tool in intervening biological processes and systems.  
Lantibiotics are an important class of peptide antibiotics, and they target non-
traditional biological pathways.  Approaches for the synthesis of functionalized peptides 
and amino acids is a challenging task as epimerization is a common disadvantage 
encountered in most of the employed strategies. Currently employed synthetic methods 
are limited to the use of lanthionines in eliminating this challenge. Therefore, the field is 
high in demand for successful methods in synthesizing these molecules in a more direct 
approach. 
A method where these lantibiotics can be potentially accessed via a recently 
advanced photo-redox decarboxylative cyclization was proposed, which was expected to 
address the current limitations leading to the synthesis of these molecules. The 
generation of the alanyl radical intermediate followed by the trapping with a disulfide 
protected cysteine was envisioned to facilitate the synthesis of lantibiotics such as 
lactocin S. This strategy was also employed on small molecules and model peptides with 
various “SOMO-philes” to react inter or intra molecularly which were expected to provide 
new methods to access site selective functionalization of peptides and small molecule 
functional groups. These targets were expected to be accessed via several different 
strategies and the possibility of obtaining the reactivity in both solid and solution phase 
was explored.  
All our attempts to drive this reaction on peptides in solid phase was not promising 
as suspected, which may have been due to various reasons such as the folding of the 
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peptide in solid phase interfering the reactivity, the chemical reactivity of the resins used 
and concentration issues associated with solid phase peptides. As an alternative method 
this reactivity was attempted in solution with relatively short model pep tides and it was 
partially successful resulting in the conversion of the starting peptides to the 
decarboxylated intermediate. However, no significant formation of the cyclized peptide 
was observed. Further optimization of this reaction may lead to promising reactivity that 
can be of great use in synthesizing these epimerization free thio-ether linkages in cyclic 
peptides. 
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APPENDIX A: INVESTIGATION OF CATALYST STABILITY AND THE MECHANISM 
OF THE CAHIEZ-FURSTNER MODIFIED KOCHI COUPLING 
 
A.1 Introduction 
As elaborated in Chapter 4, Fe-catalyzed alkyl/aryl halide coupling with Grignard 
reagents has been advanced significantly during the last few decades to develop it into a 
very versatile reaction that can be utilized in developing novel reactivity profiles and in the 
synthesis of important natural products including active pharmaceutical ingredients. 
However, regardless of the amount of research conducted on this reactivity, there exist 
several unsolved areas with regard to this cross coupling reaction, such as the stability of 
the catalyst, solvent effect, impact of the reagents upon the overall reactivity and more 
importantly the mechanism by which this reaction operates, that warrant further study of 
this reaction.  
Thus, we (Daniel Fandrick and co-workers, Process Chemistry, Boehringer 
Ingelheim, Hansamali Sirinimal, Department of Chemistry, Wayne State University) took 
interest in conducting a careful mechanistic analysis on this Fe-catalyzed cross coupling 
reaction in our efforts to understand the underlying mechanism of this reaction and to 
understand the specific roles and mode of action of each reagent in this reaction. 
Establishing and expanding the substrate scope for this reaction by careful optimization 
was also considered.  
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A.2 Initial Investigations  
Initial investigations were approached on iron catalyzed cross coupling reaction by 
attempting to reproduce some of the reported particulars with regard to the reaction 
conditions. This reaction was referred to as “Cahiez-Furstner Modified Kochi Coupling”, 
as our studies will carry forward from their contributions1 in modifying the reaction 
conditions in terms of introducing NMP as an additive in this reaction and the mechanistic 
hypotheses put forward respectively.  
A.2.1 Initial Validation of Reported Reaction Conditions1 
Initial experiments were focused on establishing optimal reaction conditions by 
replicating and comparing the experiment outcomes reported in literature. 4-
chlorobenzotrifluoride was used as the parent substrate in initial validation experiments 
as it was commonly used in reported Kochi coupling reactions, and it was envisioned to 
be an ideal substrate for comparison of reaction outcomes. This substrate is also a 
relatively simple substrate that has exhibited efficient reactivity with a clean reaction 
outcome, feasible purification and can be easily monitored and characterized. These 
reasons also contributed in selecting 4-chlorobenzenetrifluoride as a suitable substrate 
for initial investigations.  
Several different existing reaction conditions were selected and alternated as 
necessary to obtain initial optimizations (Table A.1). Fe-catalyst and 1.3 equiv of the 
respective Grignard reagent in THF at a concentration of 0.13 M were used as the general 
reaction conditions. Moreover, NMP, introduced to this reaction by Cahiez and co-workers 
                                               
1 Conducted by Boehringer Ingelheim personnel 
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was also used as an additive in several reactions. Temperature was maintained at 20 ºC. 
Reactions with changes in the order of addition were also conducted. 
  The Fe-catalyzed Grignard coupling of aryl halides generally may result in the 
desired coupling product along with a reduced byproduct which can result via a 
combination of b-hydride elimination and reductive elimination. Therefore, the selectivity 
for the cyclized product over the reduced byproduct was also assessed during the 
experiments. Moreover, regular addition order for this reaction is to add the Grignard 
reagent in THF to a solution of the ArCl, catalyst and the additive in THF.  
Entry 1, where no catalyst or additive was used in the reaction did not indicate 
significant conversion of the reaction, suggesting the catalyst, the additive, or both of the 
components together are required to obtain the desired reactivity. Considering entries 2 
and 3, 1% Fe(acac)3 has been used in the presence and absence of NMP as the additive 
respectively. In entry 2, the Fe catalyst facilitates the reaction to a modest extent (~50% 
conversion) with poor selectivity (1:1 Ratio of 2 to 3). Use of 5.8 equiv of NMP in entry 3 
improved the reaction outcome to almost complete conversion with significantly better 
selectivity (97:3) towards the desired coupling product. Similar conditions with an 
increased catalyst loading of 5% did not improve the reaction outcome further (entry 4).  
Next, were conducted a similar set of reactions using FeCl3 as the catalyst. 
Employing 1% of FeCl3 catalyst resulted in partial conversion of 24% which was less than 
the conversion observed with 1% Fe(acac)3 (47%), but, with similar selectivity (~1:1) for 
the two products (Entry 2 vs 5). The same reaction was performed next with the same 
amount of FeCl3 with 2.0 and 5.8 equiv. of NMP respectively (entries 6 and 7). The same 
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conversion (97%) was observed by GC regardless of the amount of NMP used. However, 
increased equivalents of NMP (entry 7) resulted in almost exclusive generation of the 
desired product as also reported in literature (>99:1). Although both Fe(acac)3 and FeCl3 
evidently resulted in a similar reaction outcome, FeCl3 was used in the investigations that 
followed due to its ease of handling, storage and availability.  
The rest of the reactions (entries 8–10) were performed with 1% FeCl3 and 2.0 
equiv of NMP with a change in the addition order of the reagents. The Grignard reagent 
(0.5 equiv) was aged in solutions of the catalyst and the additive in THF for different time 
intervals in separate reactions (entries 8–10), before the addition of the remaining 
Grignard reagent and the aryl halide. The conversion and selectivity decreased drastically 
with increasing aging time of a portion of the Grignard reagent in the reaction mixture. 
Moreover, exposing the Grignard reagent to the catalyst and additive in THF for as little 
as 2 min changed the reaction system causing a drastic drop in the desired reactivity. 
Since the reaction resulted in partial conversion without NMP in a similar reaction system 
(entry 5), which is more than the reactivity observed in entries 8 – 10, it is also likely that 
the catalyst upon exposure to the Grignard reagent is functionally disabled due to some 
interaction with Grignard reagent. Therefore, several more control experiments could help 
to further clarify the behavior of the reagents involved in this reaction. An aging 
experiment similar to entries 8–10 can be conducted in the absence of NMP to understand 
if aging with a Grignard reagent also impact the reactivity of the catalyst in addition to 
NMP. If aging only impact the activity of NMP and does not impact the catalyst activity,  a 
similar reaction outcome to that of entry 5 must be obtained. This reaction may display 
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precipitation of Fe out of the reaction when it aged with the Grignard reagent or a different 
reaction outcome can be observed.  
 
Overall, these initial experiments indicate reduced reactivity upon aging the 
Grignard reagent and support the role of Fe(III) as the catalyst. Also as has been reported 
before, NMP assists in enhancing the reaction outcome increasing both the conversion 
and selectivity towards the coupling product. 
 
CF3
Cl
CF3 CF3
H
Fe-Catalyst
EtMgCl (1.3 equiv)
(2M in THF)
THF(0.13 M), 20 ºC
additive, addition order
1 2 3
Addition Order
A: Grignard charged to ArCl (1), catalyst 
     and additive solution
B: Age 0.5 equiv Grignard with catalyst and 
     additive solution (delay) then ArCl (1) 
     and 1.3 equiv of Grignard addition
Entry
1
2
3
4
5
6
7
8
9
10
Catalystb
None
1% Fe(acac)3
1% Fe(acac)3
5% Fe(acac)3
1% FeCl3
1% FeCl3
1% FeCl3
1% FeCl3
1% FeCl3
1% FeCl3
Additiveb
None
None
5.8 equiv NMP
5.8 equiv NMP
None
2.0 equiv NMP
5.8 equiv NMP
2.0 equiv NMP
2.0 equiv NMP
2.0 equiv NMP
Addition Order
(Delayc)
A
A
A
A
A
A
A
B (2 min)
B (5 min)
B (10 min)
Reaction 
timed
0.25 to 5 h
12 min
12 min
12 min
12 min
12 min
12 min
12 min
12 min
12 min
Corrected analysis
Conv.e                (2:3)e
<1 %                  -
47%               51:49
>99%             97:3
96%               96:4
24%               46:54  
97%               98:2
97%               >99:1
16%                92:8 
19%                81:19
3%                     -
a Reaction was conducted under argon byt he respective additiion order at a total concentration of 0.13 M in THF. b Molar ratio 
to starting ArCl 1. c Delay time between addition of 0.5 equiv EtMgCl to the catalyst/NMP solution prior to the subsequent 
addition of the aryl chloride 1 and 1.3 equiv EtMgCl. dReaction time until the solution was examined by GC analysis of an 
aliquot quenched into methanol. e Corrected GC analysis for mole ratios. Conversion based on molar ration of product  2 and 
3 to starting aryl chloride 1. NMP = N-Methyl-2-pyrrolidone.
Table A.1. Initial Examination on Cahiez-Furstner Modified Kochi Coupling
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A.3 Additive Behavior and Its Impact on the Modified Kochi Coupling Reaction2 
With these interesting data in hand, the focus was on establishing the function of 
the additive in the reaction. It was hypothesized that NMP can potentially act as a Lewis 
base in stabilizing the active catalyst and therefore, other Lewis bases of similar nature 
may also display similar behavior. Several other Lewis bases were selected that were 
envisioned could also potentially function as additives in enhancing the desired reactivity.1 
The other additives investigated were selected based on their reported activity in related 
reactions and their structural and chemical similarities to NMP. All data in this study were 
obtained using the same reaction system with 4-Chlorobenzenetrifluoride and 1% FeCl3. 
A series of experiments were conducted with varying molar equivalents of several 
potential additives. GC analysis was performed at 12 minutes after the reaction was 
initiated to determine conversion of the reaction and selectivity for the desired coupling 
product over the reduced product. Obtained data for conversion and selectivity were 
plotted against molar equivalents of each additive (Figure A.2).  
 Based on the analysis from the conversion plot, increasing pyridine equivalents 
exhibited an increase in conversion to result in a maximum of 60% conversion with 2 
equiv. In the presence of TMEDA, an irregular pattern of conversion with increasing 
amounts of the additive was observed. Interestingly, Et3N displayed consistent 
conversion around 50% with molar equivalents of the additive as high as 5.0. Out of all 
the additives investigated, NMP and DMPU exhibited the highest conversion, and almost 
complete conversion was observed for both additives with 3.5-5 molar equiv of the 
                                               
2 Conducted by Boehringer Ingelheim personnel 
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additives. NMP displayed a higher conversion of 80% or more with very low molar equiv 
whereas for DMPU, conversion was lower at similar conditions, and required more DMPU 
to see a higher conversion. However complete conversion was observed for both NMP 
and DMPU with 3.5-4.0 molar equivalents.  
Considering the selectivity trends over 12 minutes, pyridine did not display good 
selectivity with only a maximum of 0.5, for the coupling product over the reduced product. 
TMEDA interestingly exhibited increasing selectivity with increasing molar amounts, and 
a maximum of 0.9 with 2.0 equiv of the additive. Et3N showed consistent selectivity at 0.8-
0.9 with very low to 5.0 equiv of the additive. Both DMPU and NMP displayed exclusive 
selectivity towards the coupling product with 2.5-3.0 equiv of the respective additive. 
Furthermore,  DMPU was observed to be more selective at 0.9 with equiv as low as 0.5 
when NMP with similar conditions displayed only 60% of selectivity.  
 
CF3
Cl
CF3 CF3
H
1% FeCl3
EtMgCl (1.3 equiv)
(2M in THF)
THF, 20 ºC
x equiv additive
1 2 3
Figure A.2. Additive Screen for the Modified Kochi Coupling Reaction
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
0 1 2 3 4 5 6 7
NMP
DMPU
Et3N
TMEDA
Pyrid ine
0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
0 1 2 3 4 5 6 7
NMP
DMPU
Et3N
TMEDA
Pyrid ine
 equiv Additive equiv Additive
Conversion at 12 minutes Selectivity for 2 at 12 minutes
a Reaction conducted by charging the Grignard to a preformed solution of aryl chloride 1, 1 mol% FeCl3, indicated molar equivalent 
of the additive, in THF at a total concentration of 0.13 M. Molar equivalency relative to starting aryl chloride 1. Relative molar ratios
 determined by corrected GC analysis for response factors. Conversion based on molar ratio relative of products 2 and 3 to starting
 aryl chloride 1. Selectivity based on molar ratio of 2 in comparison to both products 2 and 3.
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From these experiments, it was concluded that both NMP and DMPU can be used 
alternatively as efficient additives in this reaction to obtain complete conversion and 
exclusive selectivity with 2.5-3.5 of molar equiv.  
With these data from the additive screening in hand, investigating more into the 
reactivity of TMEDA based on a claim in a literature report that contradicted with our 
additive screen data was envisioned (Table A.3). It was reported that the parent substrate, 
4-chlorobenzotrifluoride upon exposure to similar reaction conditions with 0.1-1% 
Fe(acac)3 and 10 mol% TMEDA yielded the desired product with EtMgBr in 93% yield, 
confirmed by conversion by 1H NMR and isolated yield.2 However, this statement was 
contradictory to our observations with TMEDA, where only partial conversion was 
obtained with stoichiometric TMEDA. In investigating the reported claim the same 
reaction was performed at two different scales under identical conditions. Surprisingly, 
establishing the reported yield for the reaction of interest by relative GC data was 
unsuccessful and only obtained a yield of 57-69% by GC compared to the reported value 
of 97%.  
 
Table A.3. Supposed Catalytic Activity of TMEDA on Kochi Coupling Reaction
CF3
Cl
CF3 CF3
H
0.1 mol% Fe (acac)3
10 mol% TMEDA
EtMgCl (1.3 equiv)
(2M in THF)
THF, 20 ºC
1 2 3
Entry
Literature (HPLC)
Attempted (GC)
Scale
1 mmol
1.5 mmol
15 mmol
      Yields (%)
1           2          3
-            97        -
35         57        7
34         69       18
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A few more potential reagents were also sought to explore for their additive 
reactivity  where relative conversions for the desired product and reduced product were 
obtained (Table A.4). Both Ph3PO and HMPA displayed relatively high conversions and 
high selectivity with increasing molar amounts. HMPA resulted in comparable values to 
those of NMP and DMPU. However ,HMPA was avoided for further use because of its 
toxicity. Ph3PO caused the reaction solution to become a thick, unstirrable mixture which 
would also complicate the purification process and hence, was avoided as well. 
 
After it was established NMP and DMPU as effective additives for the reactivity of 
this coupling reaction, we decided to investigate the fate of these additives upon direct 
exposure to Grignard reagent (Figure A.5). As was observed in the initial experiments, 
conversion/reactivity of the modified Kochi coupling reaction dropped drastically when a 
portion of the Grignard reagent was aged with the catalyst and the additive in solution 
prior to the addition of the remaining Grignard reagent and the aryl halide. As mentioned 
before, it was hypothesized that the reduced reactivity can be due to an interaction 
CF3
Cl
CF3 CF3
H
1% FeCl3
EtMgCl (1.3 equiv)
(2M in THF)
THF, 20 ºC
x equiv additive
1 2 3
Additive
DMPU
HMPA
Ph3PO
0 equiv
1.7 equiv
3.3 equiv
1.5 equiv
3.0 equiv
1.5 equiv
3.0 equiv
Relative Conversion to 
Product               R-H
49%                       11%
86%                         2%
95%                         1%
86%                         8%
98%                         2%
74%                          6%
85%                          2%
Table A.4. Screening of Other Potential Additives
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between the Grignard reagent and the additive or/and the catalyst that diminishes their 
reactivity.  
Exposing the two additives NMP and DPMU to a solution of Grignard reagent in 
identical molar amounts to that of the coupling reaction was envisioned to assist in 
understanding the reactivity of the additives upon exposure to Grignard regents. The 
reaction outcome was expected to further assist in understanding the cause for the above 
mentioned decline in reactivity (Figure A.5). 
Reactions with NMP and DMPU were monitored for their remaining additive mol% 
during different time intervals by GC, and the mol% values obtained were plotted against 
time intervals. Interestingly, a rapid disappearance of NMP within the first 5-10 minutes 
of exposure to Grignard reagent was observed, meaning it is decomposed fast in a 
solution of Grignard solution and is not stable in those conditions. Therefore, it is possible 
that during the coupling reaction, NMP gradually decomposes in the presence of Grignard 
reagent. 
As opposed to the observations made for NMP, DMPU displayed significantly 
pronounced stability upon exposure to Grignard reagent. It did not decompose as rapidly 
as NMP and remained at 80 mol% upon prolonged exposure to EtMgBr even after 20 h. 
This was an interesting observation as, despite similar reactivity of NMP and DMPU as 
additives in this reaction, the two additives seemed to impact the reaction differently 
because of their difference in stabilities to the reaction conditions.  
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Mol% NMP and DMPU Remaining 
 
Time (min) 
Considering the differences in stability of NMP and DMPU, it was hypothesized 
that the presence or the absence of enolizable hydrogens in the two additives, 
respectively, may be responsible for the observed outcome. Grignard reagents can 
behave as bases and abstract enolizable a-hydrogen atoms from NMP A.6.A to form 
dimer A.6.B which can operate as a possible route of decomposition (Scheme A.6). 
Whereas, DMPU would not display similar reactivity as it doesn’t contain enolizable 
hydrogen atoms. Similar reactivity on NMP has been reported in the presence of n-BuLi 
as a base.3 the corresponding m/z was confirmed by GC-MS with a relative conversion 
of 90%. 
 
N
O
N N
O
EtMgCl (1.3 equiv, 2M)
THF 1h, 20 ºC
NMP DMPU
or
Figure A.5. Stability of NMP and DMPU Upon Exposure to Grignard Reagent
N
O
EtMgCl (0.5 equiv, 2M)
THF 1h, r. t.
N
N
O
A.6.A
Scheme A.6. Proposed Decomposition of NMP
A.6.B
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Next, to further clarify the behavior of NMP in coupling reaction conditions by 
evaluating conversion and selectivity of the reaction at different time intervals, a series of 
experiments were conducted. Solutions of 1% FeCl3, 1.3 equiv EtMgCl and 3.3 equiv of 
the additive in THF (0.13 M) at 20 ºC were aged with Grignard reagent for different time 
intervals before the addition of the aryl halide, 4-chlorobenzenetrifluoride (Scheme A.7).  
GC conversion and selectivity for each reaction was measured after 12 minutes of 
reaction time. Conversion for each reaction was plotted against the aged time of Grignard 
reagent. 
A rapid decline in conversion for NMP was observed, where exposure to Grignard 
reagent for less than a minute had completely deactivated the reaction and no conversion 
was observed. However, DMPU displayed pronounced tolerance towards exposure to 
Kochi coupling conditions showing a much slower decline in reaction conversion and no 
significant change in selectivity after prolonged exposure to Grignard reagent. Even after 
5 min of exposure to the Grignard reagent, reaction with DMPU resulted in a 
conversion >60% with 97:3 selectivity towards the coupling product.  
As mentioned previously, aging may impact the activity of the catalyst as well in 
addition to the additive, based on the observations made in this study (as well as in the 
initial studies (Table A.1, entry 5 vs entries 8–10). That is, some conversion is expected 
in the absence of NMP under standard reaction conditions. However, aging experiments 
do not show any conversion, leading to hypothesize that aging with a Grignard reagent 
may interfere with the reactivity of the catalyst as well. Control experiments to probe this 
hypothesis were proposed, where the aging experiments in Figure A.5 and A.7 will be 
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performed with the catalyst in place of the additive and in the absence of any additive 
respectively, to observe of the reactivity of the catalyst is affected.  
 
Conversion at 12 min 
 
Age time (min) 
Observations from the two stability studies conducted on NMP and DMPU 
(Scheme A.5 and A.7) reveal that despite the similar reactivity of the two additives in 
enhancing the coupling reaction, their differences in stability under the reaction conditions 
can impact the reaction outcome differently. Thus, it is evident that NMP is not ideal for 
this coupling reaction, especially if the respective substrate exhibit slower reactivity, as 
prolong exposure to Grignard evidently decomposes or diminishes the reactivity of NMP. 
These observations explain that any decline in the reactivity observed in the initial 
validation studies, is potentially due to the decomposition of the additive, NMP and not 
due to any instability of the catalyst itself during the reaction. Based on these observations 
1% FeCl3
1.3 equiv EtMgCl
3.3 equiv Additive
THF (0.13 M)
20 ºC
age time
CF3Cl
12 min
Reaction time
CF3 CF3
H
A.7.B A.7.C
5.7.A
Figure A.7 . Stability of NMP and DMPU Under Kochi Coupling Conditions
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DMPU was concluded to be a better additive in obtaining the desired reactivity in this 
coupling reaction, and DMPU was sought to be used in place of NMP as the additive in 
the subsequent experimental investigations. It should also be noted that DMPU, despite 
having appeared in earlier reports in reagent screenings, had not been utilized in similar 
reactions. 
A.4 Investigations on the Stability of the Iron Catalyst  
Next, the focus was on the stability of the catalyst during the reaction to clarify 
whether deactivation of the catalyst occurs upon prolonged exposure to reaction 
conditions. A series of solutions with FeCl3 in THF were prepared via a serial dilution and 
coupling reactions were conducted with the parent aryl halide, 4-chlorobenzenetrifluoride 
with varying catalyst concentrations (Table A.8). Reaction duration was decided upon the 
point where no further progress in the reaction was observed. Molar conversion of the 
starting aryl halide to the coupling product and the molar ratio of the coupling to reduced 
products were determined by corrected GC analysis. Turn over frequency (per hour) was 
determined by molar conversion observed from 0 to 12 min.  
Reaction rates obtained from the turn over frequency values and the reaction time 
confirmed that the reaction was first order with regard to the iron catalyst.  Also it indicated 
that the catalyst remains stable and reactive to generate the desired reaction outcome 
over prolonged exposure to reaction conditions as long as 3 days confirming the stability 
of the Iron catalyst. 
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A.5 Optimization of the Reaction Conditions Using Design of Experiments (DoE) 
Methods3 
 
Next, was determined the catalyst stability with respect to other parameters 
involved with the reaction using DoE. The purpose of DoE was to examine the presence 
of any interrelated parameters and to identify optimal conditions with DMPU to achieve 
high conversion at 10 ppm catalyst loading. Major factors related to the reaction, 
temperature, concentration, DMPU and Grignard equiv were tested with a selected range 
of their respective values and their corresponding responses were determined in terms 
of conversion, selectivity and the assay yields (Table A.9).  
Catalyst loading for all these experiments was selected at 10 ppm, a lower loading, 
to validate the point that the catalyst is remarkably stable. Temperature range selected 
was 0 – 45 ºC, concentration in the range 0.07 – 0.3 M, DMPU and Grignard equivalents 
in ranges 0 – 4.5 equiv and 1.2 – 2.5 equiv, respectively. A model was developed using 
a DoE software to obtain predicted data points based on the optimal values of each 
parameter, for the corresponding responses for each reaction. 40 different experiments 
                                               
3 Conducted by Boehringer Ingelheim personnel 
CF3
Cl
CF3 CF3
H
cat. FeCl3
EtMgCl (1.3 equiv)
THF, 20 ºC
DMPU (3.3 equiv)
Table A.8. Catalyst Stability Limit Test
Time
20 h
3 d
3 d
3 d
Conversion
96%
91%
64%
2%
Molar ratio
(2:3)
99:1
98:2
98:2
-
TOF
(/h)
10500
8800
11500
-
FeCl3
100 ppm
50 ppm
10 ppm
0 ppm
2 3
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of the Kochi coupling reaction were conducted with various combinations of these factors 
and the mentioned responses were determined, and each reaction was triplicated.  
 
Observed data points of all the reactions for each response, yield, conversion, and 
selectivity were plotted against the predicted data points (Figure A.10). Yield and 
conversion displayed significant correlation between the predicted and observed data 
points resulting in almost linear plots. For selectivity, the pattern deviated somewhat from 
the estimated values. 
CF3
Cl
CF3 CF3
H
10 ppm (0.001 mol%) FeCl3
EtMgCl 
THF, Temp
DMPU
A.9.A A.9.B A.9.C
Table A.9. Reaction Optimization Using DoE Methods
Parameters 
Temperature    
 
Concentration  
DMPU     
           
EtMgCl
 Tested Range
0 – 45 ºC
 0.07 – 0.3 M
 0 – 4.5 equiv
 1.2 – 2.5 equiv
Figure A.10. Predicted vs Observed Reaction Responses at 10 ppm with DoE Experiments
Yield with experiment number labels Conversion with experiment number labels Selectivity with experiment number labels
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Predicted Predicted Predicted
N=31         R2=0.916       RSD=0.1088
DF=16       Q2=0.557
N=31         R2=0.909       RSD=0.1249
DF=16       Q2=0.465
N=31         R2=0.846       RSD=0.0247
DF=16       Q2=0.446
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All data points were summarized in contour plots, plotted with one factor against 
the other for all combinations of factors in separate plots with the yield, conversion or 
selectivity as the third component in the contour plots. Contour plots for responses against 
concentration and DMPU equiv are illustrated in Figure A.11.  
Plot 1 indicates that higher yields are obtained when the concentration is in the 
range 0.2-0.25 M and when the DMPU equiv lies in a range of 2.5-5. However, high 
conversion was observed in a rather narrower range where concentration was in the 
range 0.15-0.2 M with DMPU equiv between 3 to 4. Interestingly, selectivity with these 
two factors was significant when the concentration was in a lower range, around 0.1 M 
with DMPU equiv above 4.5. Considering all three contour plots ideal values for the two 
parameters considered here, concentration and DMPU would be a concentration around 
0.2 M and 4.0 equiv. of DMPU, without compromising the expected response outcome 
for any of the three responses. 
 
Figure A.11. Contour Plot From DoE Experiments-Concentration vs DMPU Equivalents
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Figure 5.12 demonstrates the correlation between the reaction responses and 
Grignard reagent molar amount vs the temperature of the reaction in contour plots. 
Interestingly, conversion and yield variation appeared to correlate with varying Grignard 
reagent equiv and temperatures. Highest yields conversions were observed at 
temperatures above 40 ºC and Grignard equiv at 2.4 equiv. However, an opposing 
variation was observed for selectivity of the reaction with the two factors. Although, 
highest selectivity was observed in a narrow range of Grignard equiv of 1.2-1.4 and at a 
temperature range of 0-7 ºC, selectivity was significantly high at a broader range of 
Grignard equiv and temperature. From the observations made, the ideal Grignard equiv 
would be 2.4 as it will result in high yields and conversions while not compromising the 
selectively significantly which will still be around 0.92 for this substrate. A temperature 
around 40-45 ºC is predicted as the optimum temperature for high yields, conversion and 
selectivity.  
 
Figure A.12. Contour Plot From DoE Experiments-Temperature vs Grignard Equivalents
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Next was plotted the three reaction responses against DMPU vs Grignard equiv 
(Figure A.13). As observed with the previous plots, yield and conversion varied similarly 
where higher yields and conversions were obtained with 3.5-5.5 equiv of DMPU and 2.4 
Grignard equiv. In contrast, highest selectivity was observed with above 6 equiv. of DMPU 
and around 1.2 quiv Grignard reagent. However, good selectivity was observed in a wide 
range of molar equiv with respect to both reagents. 
 
Coefficient plots for all of the above discussed contour plots are summarized in 
Figure A.14. These plots demonstrate the impact of reaction parameters and their 
squares on the reaction outcome with regard to yield of desired product, conversion and 
selectivity for coupling product over reduction. A positive bar indicates that the respective 
reaction parameter contributes to a higher extent for the corresponding response, 
whereas a negative bar is indicative of an adverse contribution to the corresponding 
response. Associated error bars are also indicated for each plot.  
Figure A.13. Contour Plot From DoE Experiments-DMPU vs Grignard Equivalents
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Considering plots 1 and 2, (Figure A.14) DMPU (equiv) squared displays a strong 
negative effect on yield and conversion respectively. However, the products of 
Temp•DMPU and Temp•Grignard demonstrate a positive impact on the reaction yield and 
conversion (plots 1 and 2 (Figure A.14)). In plot 3 (Figure A.14), it is evident that DMPU 
shows a pronounced positive effect on the selectivity for coupling.  
Figure A.14. Coefficient Plots For Reaction Responses From DoE Experiments 
All the data obtain ed from the DoE experiments were carefully analyzed and used 
to determine the ideal values for each parameters to get the best of the expected 
responses as the reaction outcome at 10 ppm catalyst loading. 
At a catalyst loading of 10 ppm for the coupling reaction of the parent substrate, 4-
chlorobenzenetrifluoride with EtMgBr, 2.5 equiv of EtMgBr, 4.0 equiv of DMPU, a 
temperature of 45 ºC and a concentration of 0.19 M were predicted to be optimal reaction 
conditions. The observed experimental values and the predicted values with the optimal 
conditions with regard to molar conversion, yield of the desired product and selectivity are 
summarized in (Table A.15). Predicted values for product conversion and yield exceeds 
  
 
 
  
 
N=31         R2=0.916       RSD=0.1088
DF=16       Q2=0.557       Conf. lev=0.95
N=31         R2=0.909       RSD=0.1249
DF=16       Q2=0.465       Conf. lev=0.95
N=31         R2=0.846       RSD=0.0247
DF=16       Q2=0.446       Conf. lev=0.95
Scaled and centered coefficients for 
yield
Scaled and centered coefficients for
 conversion
Scaled and centered coefficients for 
selectivity
% % %
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100 as the version of the DoE software used does not have the ability to lock the ends of 
the model and thereby normalize the regression.  
 
A.6 Establishing the Exclusive Activity of Iron Catalyst Using Metal Analysis 
Metal analysis done on this reaction in prior reports were not thoroughly conducted 
and were carried out on different reaction systems with different mechanisms.4 Therefore,   
to establish that the coupling reactivity of interest is exclusively catalyzed by the Fe 
catalyst, and not by any other trace metals present in the reaction, a comprehensive metal 
analysis was conducted. This was directed via three different approaches.  
A.6.1 Null Experiment 
The Kochi coupling reaction was conducted with the optimized conditions in the 
absence of the iron catalyst, FeCl3 (Table A.16). This background reaction was conducted 
to confirm that the iron catalyst is necessary for the desired reactivity. Minimal conversion 
(6%) and very low yield (8%) were observed, confirming the importance of the catalyst. 
The reactivity that was observed could arise from trace Fe contamination in other 
reagents.  
CF3
Cl
CF3 CF3
H
10 ppm FeCl3
2.5 equiv EtMgCl 
(2M in THF)
4 equiv DMPU
THF (0.19 M)
45 ºC, 26 h
Response
Molar Conversion
Yield Product 
Selectivity
Observed
97%
88%
89%
Predicted
109%
102% (93% normailzed)
99%
Table A.15. Optimal Conditions for modified Kochi Coupling
A.15.A A.15.B A.15.C
 
 
305 
 
 
 
 
A.6.2 Quantification of the Metal Contaminants of the Reaction   
In this investigation, all the reagents and the solvent involved in this reaction were 
tested for any other trace metal contaminations using ICP-MS (Table A.17). Ion coupled 
mass spectrometry (ICP-MS) analysis was carried out for all the transitions metals in all 
reagents and solvents used. Listed in Table A.17 are the metals found in each reagent 
where the metal concentration was >1 ppm. No metal traces of the tested transition 
metals were observed in the solvent, THF. The Grignard reagent tested, EtMgBr (2M in 
THF) contained trace contaminations of Ti, Mn, Ni, Zn and Fe. Metal analysis of the 
catalyst, FeCl3 revealed the presence of Cr, Mn, Ni, Cu, Zn and Ge as other metal 
contaminants. Zn was the only transition metal contaminant detected in DMPU and the 
parent aryl halide, 4-chlorobenzenetrifluoride exposed traces of Zn and 1.4 ppm of Fe.  
CF3
Cl
CF3 CF3
H
0 ppm FeCl3
2.5 equiv EtMgCl 
(2M in THF)
4 equiv DMPU
THF (0.19 M)
45 ºC, 26 h
Table A.16. Null Experiment for Metal Analysis
Molar conversion (GC)
Yield product (isolated)
6% ( 94% starting material)
8%
A.16.A A.16.B A.16.C
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A.6.3 Investigations on the Metal Contaminants for Cross Coupling Reactivity 
 Once the metal analysis for each reagent was obtained, the impact of all the trace 
contaminants found in the reaction components on the reactivity of the modified Kochi 
coupling reaction was investigated. Coupling reactions were conducted on the parent 
substrate, 4-chlorobenzenetrifluoride with the optimized reaction conditions with metal 
salts of each transition metal contaminant exposed form the metal analysis with ICP-MS 
(Figure A.18). 
 Significant activity yielding the desired coupling product was observed with iron 
catalyst. Interestingly, CoCl2 resulted in almost exclusive conversion to the reduction 
product while Pd, Mn, and Cr salts also displayed some reactivity towards the reduction 
product with conversions around 25%.  
 These investigations carried out on metal analysis confirm that despite the 
presence of trace transition metal contaminants in the reaction system, the iron catalyst 
is essential for the desired reactivity of this reaction.  
Component
THF
EtMgCl
(2 M in HCl)
FeCl3
DMPU
4-Chlorobenzenetrifluoride
Transition Metals Observed
(>1 ppm excluding component)
none
13 ppm Ti, 55 ppm Mn,
 57 ppm Fe, 29 ppm Ni, 15 ppm Zn
113 ppm Cr, 1,300 ppm Mn, 189 ppm Ni, 
117 ppm Cu, 96 ppm Zn, 65 ppm Ge
1.3 ppm Zn
1.4 ppm Fe, 2.1 ppm Zn
Ion Coupled Mass Spectroscopy (ICPMS) analysis for transition metals:
Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Y, Zr, Nb, Mo, Ru, Rh, 
Pd, Ag, Cd, In, Sn, Sb, Te, La, Ce, Pr, Nd, Sm, Eu, Dg, Tb, Dy, Ho, Er, Tm, 
Yb, Lu, Hf, Ta, W, Re, Os, Ir, Pt, Au, Hg, Tl, Pb, Bi, Th, U.
Table A.17. ICP-MS Trace Metal Analysis for Parent Reaction
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A.7 Substrate Scope  
Once the optimal reaction conditions were established and the exclusive reactivity 
of the iron catalyst in this reaction confirmed, the focus was on establishing a useful 
substrate scope with careful optimization of each substrate. The substrate scope was 
initiated by introducing different alkyl groups to the parent substrate via the modified Kochi 
coupling reaction. Yields for some substrates were reported as GC assay yields due to 
the volatility of those compounds. 
All reactions were conducted in a similar manner. The iron catalyst was measured 
into a test tube and sealed with a rubber septum and parafilm inside a glove box. Serial 
dilutions were performed with THF to obtain the required concentrations for each 
substrate. For solid substrates, the compound was measured into the reaction vessel 
prior to the addition of the solvent and for liquid substrates addition was carried out after 
CF3
Cl
CF3 CF3
H
cat. Metal salt
EtMgCl (1.3 equiv)
THF, 20 ºC, 18 ºC
DMPU (4.0 equiv)
1 2 3
Figure A.18. Metal Analysis on Cahiez-Furstner Modified Kochi Coupling
Conversion
Metal contaminant salt
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transferring the solvent into the reaction flask. Respective Grignard reagent was added 
last and slowly to a solution of aryl halide, DMPU and catalyst immersed in a water bath. 
Reactions were monitored by GC and TLC and upon completion, 1 mL of an internal 
standard, xylene was added to the reaction flask and GC measurements were taken from 
an aliquot of the reaction that was quenched in MeOH. Each substrate was screened with 
various catalyst loadings and Grignard equiv to establish the optimal reaction conditions 
for each substrate. 
Kochi coupling performed on the parent substrate with various Grignard reagents 
in shown in Table A.19. Reaction with MeMgBr even with a catalyst loading as high as 
1.5% resulted in no significant yield of the desired product with approximately only 1% 
yield (Table A.19, entry 1). Reaction with EtMgBr with a catalyst loading as low as 200 
ppm resulted 80% by GC assay yield, isolated yield was a relatively lower value due to 
above mentioned volatility (Table A.19, entry 2). 
Reaction with n-propyl amine was subjected to different catalyst loadings and 
Grignard equiv as illustrated in Table A.20. Optimal catalyst loading for n-PrMgBr was 
established to be 0.05% almost as twice as that for EtMgBr, likely due to the slower 
reactivity of n-PrMgBr due to bulkiness. It was also observed that the reaction with n-
PrMgBr took longer (18 h) to go to completion in comparison to that with EtMgBr. The 
yield obtained for the desired product for n-PrMgBr was 94% as a GC assay yield with 
xylene as the internal standard (Table A.19, entry 3). 
Coupling of the parent substrate with i-PrMgBr upon optimization for various 
catalysts loadings resulted the desired product in 51% as a GC assay yield and a molar 
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conversion of 94%, with an optimal catalyst loading of 5000 ppm (Table A.19, entry 5). 
Requirement of relatively higher catalyst loading can be attributed for the bulkiness of the 
substrate slowing down the reaction. Therefore a higher catalyst loading is required for 
efficient conversion of the substrate.  
Similarly, n-hexylMgBr was optimized for an optimal catalyst loading of 1000 ppm 
to obtain 4-hexylbenzenetrifluoride in 90% isolated yield. Optimal catalyst loading for n-
hexylMgBr was observed to be lower than that of i-PrMgBr presumably because the C 
center forming the new C-C bond is less sterically hindered with n-hexylMgBr; hence, the 
reaction is faster and requires relatively low catalyst loading (Table A.19, entry 4). 
Catalyst loading for i-BuMgCl was optimized to 1.5% and the desired product was 
obtained in 62% GC assay yield and 89% molar conversion. Evidently a significantly high 
catalyst loading was required to drive the reaction to completion efficiently, presumably 
due to the increased bulkiness of the i-Bu group (Table A.19, entry 6). 
PhMgBr and BnMgBr were subjected to the reaction conditions with a relatively 
high catalyst loading of 1.5% to observe no significant reactivity and hence no conversion. 
We hypothesized that the absence of beta hydrogens in the respective Grignard reagents 
can be accounted for the observed lack of reactivity which was also evident in the reaction 
outcome with MeMgBr (Table A.19, entries 7 and 8). 
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In efforts to expand and diversify the substrate scope, aryl compounds with 
different substitutions were subjected to the reaction conditions (Table A.20). 1,4-
dichlorobenzene (Table A.20, entry 1) was optimized for catalyst loading and was 
subjected to the reaction conditions with the optimal catalyst loading of 4000 ppm to 
obtain the desired coupling product in 71% isolated yield. The Cl substitution is much less 
electron withdrawing than the CF3 group in the parent substrate; therefore, presumably 
this substrate is far less reactive than the parents substrate requiring higher catalyst 
loading to efficiently drive the reaction towards the desired product. Moreover, selective 
coupling was observed with 1,4-dichlorobenzene as the substrate becomes less electron 
deficient after the first coupling. Therefore, double coupling was not observed.  
1-Chloro-3-fluorobenzene (Table A.20, entry 2) upon catalyst loading optimization, 
was established to result in best yields and selectivity at 4000 ppm (0.4 mol%). Upon 
reacting with n-HexylMgBr, the desired product was obtained in 72% isolated yield. 
Comparing 1,4-dichlorobenzene (Table A.20, entry 1) and 1-chloro-3-fluorobenzene 
(Table A.20, entry 2), the -para and -meta positions of the -chloro and -fluoro substituents 
Entry                      Product                                             FeCl3b      Yieldc
1
2
3
4
5
6
7
8
F3C
R
3a R = Me
3b R = Et
3c R = n- Pr
3d R = n- C6H13
3e R = i- Pr
3f  R = i- Bu
3g R = Bn
3h R = Ph
1.5%
0.02%
0.05%
0.1%
0.5%
1.5%
1.5%
1.5%
1%
80%d
94%d
90%
51%d, e
62%d, f
<1%
<1%
aReactions performed by charging the Grignard reagent to a solution of the catalyst,
 DMPU and substrate at 18–20 ºC under argon. bCatalyst loading neccessary to achieve
 >97  A% conversion relative product to starting material at 18h. cIsolated yield. dAssay 
yield by GC with an internal standard. e94% molar conversion. f89% molar conversion.
Table A.19. Substrate Scope for Grignard Reagent in Cahiez-Furstner Modified Kochi Coupling
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respectively did not display a significant difference on the reactivity. Both substrates 
required similar catalyst loadings of 4000 ppm to afford similar yields. 
1-Chloro-3-methoxybenzene (Table A.20, entry 3) resulted in an optimized catalyst 
loading of 1000 ppm and afforded the coupling product in 42% yield. The presence of an 
electron donating substituent in -meta position likely makes the substrate less active as 
the electron deficient coupling partner during the reaction. This explains the rather low 
yield obtained for the coupling product even with a high catalyst loading for this substrate. 
Increasing the catalyst loading did not improve the yield any further. However, this yield 
is a significant improvement on aryl halides with methoxy substituents as previous 
accounts in literature reported 0% yields for similar substrates.5 
 
To explore the structure variability of the substrate scope, several heterocyclic 
substrates were also exposed to the reaction conditions, despite the different reaction 
mechanism operating for the heterocyclic structures.6  
2-Chlorobenzo[d]oxazole (Table A.21, entry 1), with an optimal catalyst loading of 
2000 ppm resulted in the desired coupling product with EtMgBr in 44% isolated yield. 
 
Entry                      Product                           FeCl3b            Yieldc
1
2
Cl
n-C6H13
n-C6H13F
MeO
O
N
0.4%
0.4%
71%
72%
Table A.20. Substrate Scope for Aryl Halides in Cahiez-Furstner Modified Kochi Coupling
Entry                      Product                           FeCl3b            Yieldc
1%
0.2%
42%
44%
3
4
aReactions performed by charging the Grignard reagent to a solution of the catalyst, DMPU and substrate at 18–20 ºC under argon. bCatalyst loading 
neccessary to achieve >97  A% conversion relative product to starting material at 18h. cIsolated yield. dAssay yield by GC with an internal standard. 
e94% molar conversion. f89% molar conversion.
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As opposed to, entry 3 (Table A.20), a similar heterocyclic analogue 2-chloro-3-
methoxypyridine in entry 1 (Table A.21) afforded the respective product with EtMgBr in a 
higher isolated yield of 77% with a much lower catalyst loading of 500 ppm. This 
difference in reactivity of  entry 3 (Table A.20) and entry 2 (Table A.21) can be accounted 
for the two different mechanisms associated with the aryl halide and heteroaryl halide. 
2-Chloropyridine in entry 2 (Table A.21) with the optimized catalyst loading of 500 
ppm with n-HexylMgBr resulted in the respective product in quantitative yield. 
Interestingly, 3-chloropyridine (Table A.21, entry 3), a similar substrate with the -chloro 
substitution in the -meta position instead of -ortho position as in (Table A.21, entry 2), 
required a higher optimal catalyst  loading of 2000 ppm to drive the reaction efficiently to 
obtain the desired coupling product. The product was also acquired in 72% isolated yield 
which was lower than that in entry 2 (Table A.21). This difference in yields for entry 2 
(Table A.21) and entry 3 (Table A.21) can be accounted for the high electron density at 
the 3 position of pyridine compared to the 2 position. Therefore 3-chloropyridine (Table 
A.21, entry 3) is less active as the electron deficient coupling partner in the cross coupling 
reaction compared to 2-chloropyridine (Table A.21, entry 2) and, hence, the lower yield 
observed for entry 2 (Table A.21).  
Next were exposed several quinoline derivatives to the reaction conditions upon 
optimizing the catalyst loading for each substrate. 2-chloro-5-methyl-1,6-naphthyridine 
(Table A.21, entry 4) resulted in the desired coupling product with n-PrMgBr in 85% yield 
with an optimal catalyst loading of 500 ppm. 2-Chloro-6-methyl-3-phenylquinoline (Table 
A.21, entry 5) with EtMgBr resulted in the desired coupling product in 87% yield with a 
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slightly higher catalyst loading of 4000 ppm. Last of the substrate scope, 4-chloro-2-
methylquinoline (Table A.21, entry 6) was optimized to establish the optimal catalyst 
loading as 3000 ppm and upon reaction conditions resulted in the desired coupling 
product in 92% yield. 
 
Modified Kochi coupling reaction conditions were applied to a wide range of aryl- 
and heteroaryl- halides with electron donating and withdrawing substituents and various 
Grignard reagents to access a diverse substrate scope in good to moderate yields. GC 
assay yields and molar conversions were reported for volatile substrates.  
A.8 Investigation on Reaction Mechanism  
Having established a wide substrate scope, investigation of the mechanism that is 
in operation in the Kochi coupling reaction in detail was focused next. Appropriate 
experimental protocols were designed and executed to test some of the mechanistic 
hypotheses put forward (discussed in chapter 4) in the literature and to explore some 
eccentric observations reported with regard to the reaction mechanism.   
aReactions performed by charging the Grignard reagent to a solution of the catalyst, DMPU and substrate at 18–20 ºC under argon. bCatalyst loading
 neccessary to achieve >97  A% conversion relative product to starting material at 18h. cIsolated yield. dAssay yield by GC with an internal standard. 
e94% molar conversion. f89% molar conversion.
 Entry               Product                         FeCl3b             Yieldc
1
2
3
N
0.05%
0.05%
0.2%
77%
99%
72%
OMe
N n-C6H13
N
N
n-C6H13
N
N
Ph
N
       Entry               Product                            FeCl3b             Yieldc
4
5
6
0.05%
0.4%
0.3%
85%
87%
92%
Table A.21. Substrate Scope for Hetero Aryl Halides in Cahiez-Furstner Modified Kochi Coupling
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The investigation was initiated by conducting few experiments to clarify the b-
hydrogen effect that was observed in earlier work during the substrate scope experiments 
and the previously reported work in the literature by Fürstner and co-workers.1 It was 
noticed previously that Kochi coupling conditions did not afford the desired coupling 
product with -Me, -Ph and -Bn Grignard reagents. For further clarification, these 
experiments were repeated with some alterations. The parent substrate, 4-
chlorobenzotrifluoride A.22.A was subjected to coupling conditions with PhMgBr and a 
catalyst loading of 2%. Only 15% of the desired coupling product A.22.C was observed 
with 6% reduced product 5.22.B, 24% biphenyl byproduct A.22.D and 55% of the starting 
aryl chloride A.22.A by GC (Scheme A.22).  
  
The same experiment was conducted with a pre-reduction using EtMgBr. EtMgBr 
was charged to the reaction followed by PhMgCl and DMPU and the aryl halide was 
added last. The purpose of this experiment was to observe if PhMgCl would react when 
there is a catalytic turnover in the presence of EtMgCl (Scheme A.23). However, no 
significant improvement was observed in the yield of the desired coupling product A.23.C. 
In addition to the previously obtained by products A.23.B and A.23.D, the corresponding 
ethyl coupled product A.23.E was also observed. These observations suggest that 
PhMgCl is not an ideal Grignard reagent in this coupling reaction even under catalytic 
FF
F
Cl
PhMgCl
2% FeCl3
THF, DMPU
20 ºC, 18 h
55% Starting chloride
FF
F
H
CF3
6%                  15%               24%
                 (GC-profile)
Scheme A.22. Kochi Coupling of Aryl Chlorides with PhMgBr
A.22.A A.22.B A.22.C A.22.D
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turnover. Since cross coupling with many other Grignard reagents afforded the respective 
coupling products in remarkable yields, it was suspected that the absence of b-hydrogens 
may have resulted in this observation with PhMgBr.  
 
We designed and conducted several alternative methods to further clarify that b 
hydrogens are indeed required in Grignard reagents for the coupling reaction to take 
place to result in the desired reactivity. MeMgBr was taken as the representative  Grignard 
reagent. A series of experiments were conducted to investigate the apparent selectivity 
difference of Grignard reagents with and without b-hydrogens in this reaction, using 
EtMgBr and MeMgBr (Table A.24). All the reactions were performed with 0.2% FeCl3 
loading. 
In entry 1(Table A.24), MeMgBr was used under the optimal reaction conditions 
and only 0.1% of the Me coupling product A.24.C was observed with 99% of the remaining 
starting aryl halide A.24.A. No reduction product A.24.B was observed. Next, in entry 2 
(Table A.24) the experiment was repeated with EtMgBr to maintain the consistency with 
the exact reaction conditions. As expected, the reaction yielded the coupling product 
A.24.D in 95% GC assay yield with the reduction product A.24.B in 3% as the only by-
Scheme A.23. Kochi Coupling of Aryl Chloride with PhMgBr with a Pre-reduction
FF
F
Cl
PhMgCl
2% FeCl3, 20% EtMgCl
(Pre-reduction)
THF, DMPU, 20 ºC, 18 h
26% Starting chloride
FF
F
H
CF3
4%                  24%               37%                8%
                 (GC-profile)
FF
F
A.23.A A.23.B A.23.C A.23.D A.23.E
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product. These two experiments suggest that this reaction is operating in favor of 
Grignard reagents containing b-hydrogens.  
However, in the efforts to clarify the apparent requirement of b-hydrogens, it was 
suspected that MeMgBr may participate in the coupling reaction to result in the desired 
product in the event of introducing catalytic amounts of EtMgBr to the reaction. It was 
hypothesized that in the presence of catalytic EtMgBr there is a possibility for MeMgBr to 
participate in the reaction due the catalytic turn over initiated by EtMgBr, as hypothesized 
with PhMgBr. To a solution of the aryl halide A.24.A, DMPU and the catalyst were first 
added 1.3 equiv of MeMgBr followed by EtMgBr 0.2 equiv. However, we only observed 
1.2% of the desired Me coupling product A.24.C and 17% of the ethyl coupling product 
A.24.D  by GC assay yield using an internal standard, corresponding to the amount of 
EtMgBr used. The reduction product A.24.B was observed at 1%with 51% of the starting 
aryl halide A.24.A.  
The last three entries were designed to demonstrate further that the catalyst is 
turning over, i.e. the catalyst cycle is proceeding and only EtMgCl is consumed while 
MeMgCl behaves as a spectator. In entry 4, the reaction was performed with equimolar 
amounts of EtMgBr and MegBr at 0.65 equiv which resulted in 44% of the Et coupling 
product A.24.D as expected and 1% and 1.2% of the reduced A.24.B and methyl coupling 
product A.24.C, respectively. The unreacted starting material aryl halide A.24.A was also 
observed at 51%. 
Next in entry 5 the reaction was performed in a similar manner with 1.3 equiv. of 
MeMgBr and the reaction was run for 1 h before the addition of an equimolar amount of 
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EtMgBr. Complete conversion was observed for this reaction with only a 0.5% of the 
methyl coupling product A.24.C. Interestingly, more reduction product A.24.B was 
observed at 18% and ethyl coupling product A.24.D in 70% GC yield. Increased amounts 
of reduction product A.24.B in entry 5 can be accounted for the high amounts of Grignard 
reagents present in the reaction (2.6 equiv) as opposed to much lower amounts (1.3 or 
1.5 equiv) in other reactions. In general, large amounts of reduction products are 
observed with increased Grignard loadings, and we noticed that increased amounts of 
DMPU equiv can compensate the formation of more reduction product.  
Comparing entries 2 and 5, it is evident that although MeMgBr does not seem to 
display expected coupling reactivity, it has an impact on the previously obtained reaction 
outcome of EtMgBr as more reduction product is observed in entry 5.  
 
 Moreover, some of the aryl halide A.24.A can be consumed by oxidative 
dimerization of the Grignard reagents, and the quantification of the oxidative dimerization 
Table A.24. Selectivity for Methyl and Ethyl Grignard Reagents
Entry
1
2
3
4
5
RMgCl (equiv.)
MeMgCl (1.3)
EtMgCl (1.3)
MeMgCl (1.3)
then EtMgBr (0.2)
MeMgCl (0.65)
then EtMgBr (0.65)
MeMgCl (1.3) for 1h
then EtMgBr (1.3)
Quantitative GC Results
5.24.A   H          Me          Et
99%     0%       0.1%        -
0%       3%         -            95%
84%     1%       1.2%      17%
51%     1%       1.2%      44%
0%       18%     0.5%      75%
CF3
Cl
CF3CF3
H
0.2% FeCl3
 RMgCl 
(2M in THF)
4 equiv DMPU
THF (0.2 M)
20 ºC, 1 h
CF3
a Reactions conducted at 0.2 M corrected by the amount of employed THF solvent.
b Equilivency  to 1 and charged in the indicated order and delays if indicated.
c Quantitative GC results with m-xylene as an internal standard and corrected with
reference standards.
A.24.A A.24.B A.24.C A.24.D
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products of MeMgBr and EtMgBr (ethane and butane) from these experiments is a 
challenging process. However, this can be the likely reason for the substantially lower 
than 100% mass balance obtained for some of the experiments above. On the contrary, 
the mass balances that are slightly above 100% (entry 3 = 103%) can be considered to 
within the expected +/- 5% accuracy level. 
The reaction in entry 5 was repeated with NMP conditions as well as a control 
experiment to assess the reaction outcome (Scheme A.25). In this reaction as opposed 
to the same reaction with DMPU, 98% conversion was obtained with slightly higher 
amount of the methyl coupling product A.25.C (3%), reduction product A.25.B (4%) and  
ethyl coupling product A.25.D (80%). There was less reduction product A.25.B observed 
and slightly more ethyl coupling product A.25.D in comparison to the same reaction with 
DMPU. In addition, there was no significant difference in the reaction outcome with NMP 
over DMPU. 
 
These selectivity experiments with EtMgBr and MeMgBr further confirm the 
requirement of the presence of b-hydrogens on the Grignard reagent for this reaction to 
take place, suggesting the b-hydrogens are involved in the reaction mechanism in 
operation for the substrates of interest. With the understanding that MeMgBr does not 
participate in the reaction as anticipated, its fate during and after the reaction was 
Cl
F3C
1% FeCl3, 5.8 equiv NMP
THF (0.2 M), 20 ºC, 1h
98% Conversion
1.3 equiv EtMgCl
1.3 equiv MeMgCl
H
F3C
CH3
F3C
F3C
CH3
4% 3%
80%
Scheme A.25. Selectivity for Methyl and Ethyl Grignard Reagent-NMP Control
A.25.A
A.25.B A.25.C
A.25.D
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investigated. The possibility of MeMgBr decomposition  or consumption by a different 
process during the reaction under the reaction conditions was considered. Testing this 
hypothesis by designing a selective consumption control experiment was envisioned 
(Scheme A.26). Excess of the parent aryl halide A.26.A (0.75 mmol) was added to a 
solution of 2 µmol FeCl3, 4.0 equiv DMPU, 0.65 mmol of each EtMgBr and MeMgBr in 
THF AT 18 ºC. Upon the addition of the aryl halide, the reaction was stirred for 1 h. Next 
was added 0.75 mmol of anisaldehyde A.26.B, and the reaction was stirred for an 
additional 1 h. An aliquot of the reaction was analyzed by GC to confirm the presence of 
Et and Me addition products A.26.E and A.26.F and the coupling products A.26.C and 
A.26.D. Coupling products are generated by the reaction of the aryl halide A.26.A with 
Grignard reagents. Addition products arise from anisaldehyde A.26.B reacting with each 
Grignard reagent. 
Interestingly, 0.46 mmol of the ethyl coupling product A.26.D was observed with 
<0.008 mmol of the Me coupling product A.26.C, as observed before. In contrast, 0.25 
mmol of the methyl addition product A.26.E was obtained with <0.02 mmol of the ethyl 
addition product A.26.F. The experimental results demonstrate that EtMgBr is almost 
completely and selectively reacting with the aryl halide A.26.A during the first hour of the 
reaction resulting in the corresponding ethyl coupling product. Therefore, there is not a 
significant amount of EtMgBr remaining in the reaction to react with anisaldehyde during 
the second phase of the reaction to afford significant amounts of the addition product. In 
contrast, MeMgBr is presumably (from previous observations) not reacting with the aryl 
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halide to result in the Me coupling product in significant amounts and therefore, has a 
possibility of reacting with anisaldehyde.  
These data suggest that MeMgBr indeed does not react with the aryl halide to 
result in the desired coupling product and further, MeMgBr is not consumed or 
decomposed under the reaction conditions either. It remains in the reaction mixture intact 
after the first 1 h that it reacts with anisaldehyde during the second hour to give the 
addition product. This indicates that MeMgBr does not participate in the coupling reaction  
presumably due to the absence of b-hydrogens; however, it is not consumed by any other 
chemical or physical process during the reaction but remains in the reaction flask at the 
end of the coupling reaction.  
 
Although it is evident that the presence of b-hydrogens in the Grignard reagent is 
essential for the preferred reactivity in obtaining the coupling product, it is ambiguous how 
these b-hydrogens participate in the reaction mechanism. The possible modes of action 
of b-hydrogens was investigated by performing a series of competition experiments to 
compare and understand any potential difference or similarity in the reactivity of Grignard 
Et
MgCl
Me
MgCl
0.65 mmol
0.65 mmol
Cl
F3C
0.75 mmol
2 µmol FeCl3
DMPU (4.0 mmol)
THF, 18 ºC
O
H
MeO
1 h
0.75 mmol
1 h
CH3
F3C
Et
F3C
<0.008 mmol 0.46 mmol
<1 : 57
OH
Me
MeO
OH
Et
MeO
0.25 mmol <0.02 mmol
>12 : 1
Scheme A.26. Selective EtMgCl Consumption Control Experiments
A.26.A A.26.B A.26.C A.26.D
A.26.E A.26.F
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reagents in the coupling reaction in comparison to nucleophilic addition to a carbonyl 
group (Scheme A.27). 
A series of competition reactions were conducted with EtMgBr reagent together 
with methyl, isopropyl, and isobutyl magnesium chloride in separate reaction flasks for 
both the coupling reaction of interest and for the Grignard addition reaction. In the 
Grignard addition reaction, anisaldehyde was added to solutions containing equimolar 
amounts of EtMgBr and the respective other Grignard reagent (methyl, isopropyl and 
isobutyl) and the reaction was allowed to stir for 2 h.  
A similar reaction setup was followed for the competition experiment series of 
Kochi coupling reaction. Aryl halide was added to a solution of the iron catalyst, DMPU 
and equimolar amounts of EtMgBr and the other respective Grignard reagent. The 
reaction was stirred for 1 h. Corrected molar ratios were analyzed by HPLC and GC with 
m-xylene as an internal standard for all the reactions.   
Slightly lower reactivity was observed for MeMgBr addition vs EtMgBr, but the 
general trend, as anticipated, was a decreasing molar ratio of Et/R with increasing 
bulkiness of the R group.  Moderate reactivity was observed for i-PrMgCl and lowest 
reactivity was observed for i-BuMgCl in the addition reaction. Interestingly, in the Kochi 
coupling reaction an entirely different reaction trend was observed. As had been observed 
before, no significant amount of product was generated with MeMgBr. Surprisingly low 
reactivity was also observed for i-BuMgCl, in the presence of EtMgBr. Intriguingly, the 
corresponding coupling product with i-PrMgCl was formed almost three times the yield of 
the ethyl coupling product. It was unexpected to observe a higher efficiency for i-PrlMgCl 
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over EtMgCl in the coupling reaction. Based on these interesting observations, bulkiness 
of the R group of the Grignard reagent presumably does not impact the coupling reaction 
significantly and hence follows a different reactivity trend than is operative in an addition 
reaction. Moreover, the product ratio obtained for i-PrMgCl and EtMgBr closely correlates 
with the number of b-hydrogens in each Grignard reagent. Higher reaction efficiency and 
hence a higher GC mass ratio was observed for i-Pr coupling product with more b-
hydrogens over EtMgCl which contains relatively fewer b-hydrogens.  
 
These experiments further confirm the requirement of the b-hydrogens in the 
coupling reaction and suggest that it operates via a different reaction mechanism in 
comparison to the Grignard addition reaction. However, it is still not clear how exactly 
these b-hydrogens are involved in the Kochi reaction mechanism. 
R
MgCl
MgCl
4.0 equiv
4.0 equiv
O
H
MeO
THF, 18 ºC, 2 h
then MeOH
OH
R
MeO
OH
Et
MeO
R
MgCl
MgCl
2.5 equiv
2.5 equiv
CF3
Cl
0.2% FeCl3, 4 equiv DMPU
THF (0.2 M), 18 ºC, 1 h
CF3
H
CF3
R
CF3
Et
Scheme A.27. Competetion Reactions of Alkyl Grignard Reagents
Grignard Addition
Kochi Coupling
Molar Ratio (R/Et)
Methyl       Isopropyl        Isobutyl
0.87               0.76                 0.48
0.02               2.69                 0.07
a Reaction conduct by the indicated equations with the electrophile charged to the reaction mixture with the indicated Grignard Reagents.
b Corrected molar ratio analyzed by HPLC or GC related to m-xylene as an internal standard.
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Next, performing the coupling reaction with several different Grignard reagents 
with b-hydrogens in different electronic backgrounds was envisioned to get an insight into 
the involvement of b-hydrogens in the desired reactivity (Table A.28). Coupling reactions 
with MeMgBr and EtMgBr were repeated, as outlined in entry 1 and 2, for the purpose of 
maintaining consistency in this group of experiments. Results obtained for these two 
substrates were comparable to the previous results, where there was minimal conversion 
observed with MeMgBr and almost complete conversion observed for EtMgBr with the 
desired product in 81% corrected assay yield.  
In entry 3, an allyl Grignard reagent was selected, which contains a b-hydrogen on 
an sp2 carbon, i.e. a vinylic b-hydrogen, to demonstrate the impact of the nature of b-
hydrogens upon coupling reactivity. Not surprisingly, there was only <5% conversion 
observed with no desired product. This result supports that the b-hydrogens involved 
should likely be on sp3 carbons. This is consistent with the observations made for PhMgBr 
reactivity in the coupling reaction. Thus, the coupling reaction with a homoallyl Grignard 
reagent was performed (entry 4), but observed the same reactivity as that with the allyl 
Grignard reagent with no desired product. This result implies that allylic b-hydrogens are 
not favorable, possibly due to a p-allyl interaction with the metal center that interferes or 
diminishes the reactivity of the allylic b-hydrogens or because they are electronically 
different than a purely alkyl sp3 hydrogen.  
Considering the observations made in entries 3 and 4, it was hypothesized that the 
presence of an olefin interfered with the coupling reactivity. Thus, the coupling reaction 
with 4-pentenyl magnesium bromide which also contains an olefin was conducted next. 
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Surprisingly, excellent conversion was observed for this substrate affording the desired 
product in a good yield of 75%. This indicates that an electronic effect is at play rather 
than inhibition of the reaction by an olefin. 
 The possible occurrence of a radical pathway in the reaction mechanism was also 
considered. To investigate this, (2-cyclopropylethyl)magnesium bromide, which can act 
as a radical clock was selected to test whether the C–H bond where the b-hydrogen is 
attached undergoes a homolysis during the reaction. In the event of a homolysis of the 
particular C–H bond  an olefinic product was expected to be observed, resulting from the 
cyclopropyl ring opening in the event of a radical mechanism. However, only <4% of the 
olefinic product resulting from the ring opening of the cyclopropyl ring was observed with 
excellent conversion (<95%) and yield (90%) of the desired product. These experiments 
indicate that if a radical intermediate is involved, it reacts faster than cyclopropane 
opening or is unlikely to be involved in the predominant pathway to the coupling product. 
These experiments confirm the importance of the presence of b-hydrogens for 
reactivity but complicate the attempts to understand the role of b-hydrogens in the 
reaction mechanism. However, an agostic interaction with the catalyst seems most likely. 
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Driven by these observations, several deuterium experiments were designed to 
clarify several possibilities with regard to the involvement of the b-hydrogens in the 
reaction mechanism (Scheme A.29). As in all the experiments performed in mechanistic 
studies, the aryl halide, 4-chlorobenzotrifluoride A.29.A was utilized in these reactions. 
The deuterated Grignard reagents utilized were prepared freshly for each experiment and 
titrated to obtain the exact concentrations. Coupling reaction was conducted with a and 
b deuterated ethyl Grignard reagents A.29.B and A.29.D separately with 0.2% catalyst 
loading for 1h. Astonishingly, there was no significant scrambling observed by NMR 
spectroscopy in the desired products A.29.C and A.29.E of both of these reactions. Less 
than 0.02% H atom incorporation at a position was observed in reaction 1, and similarly 
less than 0.06% H atom incorporation was observed at the b carbon. This experimental 
RMgXa Conversionb
~ 5%
> 99%
< 5%
< 5%
> 98%
> 95%
Yieldc
4%d
81%d
-
-
75%
90%d
ClMg
ClMg
BrMg
BrMg
BrMg
BrMg
Entry
1
2
3
4
5
6
CF3
Cl
CF3
R
CF3
H
0.2% FeCl3
RMgCl (1.3 equiv)
THF, 20 ºC,16 h
DMPU (4.0 equiv)
Table A.28. Impact of the Nature of the β-Hydrogens on Kochi coupling Reactivity
a Reactions were conducted at 0.2 M corrected by the amount of THF employed. 
Magnesium chlorides were obtained from commercial suppliers while magnesium 
bromides were prepared from the corresponding alkyl bromides. b Relative 
conversions be GC area. c Isolated yields unless otherwise noted. d Corrected 
assay yield with m-xylene as an internal standard. e <4% of the olefin byproduct
 by crude 1H NMR analysis.
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evidence suggests, that despite the apparent requirement of the b-hydrogens for 
reactivity and their ambiguous mode of participation in the reaction, they are not cleaved 
from the carbon that they are originally attached to during the course of the reaction.   
 
The occurrence of any kinetic isotope effect that was in operation that may have 
impacted the observed results for the above discussed deuterium experiments was also 
considered (Scheme A.30). Thus, the coupling reaction was performed with equimolar 
amounts of EtMgCl and CD3CH2MgBr added to a solution of the aryl halide, DMPU and 
the catalyst in THF. Intriguingly,  there was no apparent kinetic isotope effect observed 
with a ratio of 1 obtained for H/D by NMR spectroscopy.  
 
These experiments resulted in an illustrative notion of the stagnant participation of 
b hydrogens in the reaction mechanism, which was also evident in the experimental 
outcome observed with i-PrMgBr and n-PrMgBr in the coupling reaction (Scheme A.31). 
Cl
F3C CH3BrMg
DD
F3C
CH3
D D
0.2% FeCl3
4 equiv DMPU
THF, 20 ºC, 1 h
1.3 equiv <0.02 %H
Cl
F3C CD3BrMg
HH
F3C
CD3
H H
0.2% FeCl3
4 equiv DMPU
THF, 20 ºC, 1 h
<0.06 %H
Scheme A.29. Deuterium Experiments for Scrambling Observations
A.29.A A.29.B A.29.C
1.3 equivA.29.A A.29.D A.29.E
Cl
F3C
F3C
CR3
H H
H/D = 1
2 equiv BrMgCH2CD3
2 equiv ClMgCH2CH3
0.2% FeCl3, 4 equiv DMPU
THF, 20 ºC, 1 h
Scheme A.30. Deuterium Experiments for Kinetic Isotope Effect
A.30.A A.30.B
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There was minimal isomerization observed when the coupling reaction was performed 
with i-PrMgBr and n-PrMgBr. Kochi coupling of 4-chlorobenzotrifluoride with i-PrMgBr 
A.31.B resulted in the isopropyl coupling product A.31.E as the major product with 
insignificant amounts of the n-propyl coupling product A.31.D. Similarly, with n-PrMgBr 
A.31.F the major coupling product was the n-propyl coupling product A.31.D with small 
amounts of isopropyl coupling product A.31.E, indicating minimal isomerization.  
 
A.9 Applications of the modified Kochi Coupling Reaction 
The modified Kochi coupling reaction can be utilized in assembling complex 
molecular structures in the total synthesis of useful molecules including active 
pharmaceutical ingredients. Besides the obvious utility of this reaction in the context of 
synthesis, exploiting this reaction to obtain selective coupling on selective substrates was 
proposed. As mentioned in Chapter 4, there are several different mechanisms by which 
this coupling reaction operates, depending on the electronics of the Grignard substrate 
and the aryl halide. Heterocyclic aryl halides undergo a different reaction mechanism 
when the halide is disposed adjacent to a heteroatom. This reaction does not require the 
presence of b-hydrogens. Exploiting this difference in reactivity to selectively introduce 
Cl
F3C ClMg
Cl
F3C
HClMg
1.3 equiv
1.3 equiv
0.5% FeCl3
4 equiv DMPU
THF, 20 ºC, 18 h Cl
F3C
H
F3C F3C
F3C
Cl
F3C
H
F3C F3C
F3C0.05% FeCl3
4 equiv DMPU
THF, 20 ºC, 18 h
4%                     19%                        3%                       51%
0%                        1%                      54%                       0.2%
Scheme A.31. Isomerization with i-PrMgBr and n-PrMgBr
A.31.A
A.31.A
A.31.B
A.31.F
A.31.A A.31.C A.31.D A.31.E
A.31.EA.31.DA.31.CA.31.A
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aryl groups at the 2-position and alkyl groups at the 5-position of a heteroaryl dihalide via 
the coupling reaction (Scheme A.32) was envisioned. 2,5-Dichloropyridine A.32.A was 
selected as a representative substrate. This aryldihalide was subjected to coupling 
conditions with 1% FeCl3, and PhMgBr in the absence of DMPU to selectively install a 
phenyl group at the 2-position in 63% yield. Upon isolation of the intermediate A.32.B, 
Kochi coupling reaction was performed with EtMgBr to obtain the selectively coupled 
product A.32.C in 75% yield.  
 
A.10 Suggested Experiments for Future  
In the Kochi coupling reaction, the formation of reduced by product has been 
commonly encountered with certain aryl halides. The general notion in literature is that b-
hydride elimination and a reductive elimination is the mechanism in generating this by 
product. To probe this hypothesis, conducting Kochi coupling experiment with 
CD3CH2MgBr on the parent substrate, 4-chlorobenzotrifluoride A.33.A with a lower 
catalyst loading that will also generate the reduced byproduct A.33.C was proposed. If 
the reduction product is generated via b-hydride elimination, deuterium incorporation will 
be observed in the reduced product (Scheme A.33). 
N Cl
Cl
β-Hydrogen 
Not Required
β-Hydrogen 
Required
N Cl
Cl PhMgCl
1% FeCl3
THF, 20 ºC
63 % yield
N
Cl EtMgCl
0.2% FeCl3, DMPU (equiv)
THF, 20 ºC
75 % yield
N
Scheme A.32. Selective Application of Kochi Coupling Reaction Based on β-Hydrogen Requirement
2
3
1
6
4
5
A.46.A A.46.B A.46.C
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 Stability study similar to that illustrated in Figure A.7 , where the iron catalyst, FeCl3 
is aged with EtMgBr prior to the addition of additive and the aryl halide was also 
suggested. This experiment will inform of any impact the Grignard reagent would have on 
the catalyst upon aging. This experiment will further clarify the differences in conversions 
in entries 2 vs 8–10 in Table 1 as discussed in section A.4 (Scheme A.34). A precipitation 
of iron or a different reactivity can be anticipated to be observed. 
 
 With regard to the mechanistic studies, in understanding the nature of the b-
hydrogens, incorporating additional Grignard reagents of interest to the studies concluded 
in Table A.28 was proposed. Cyclopropyl methyl Grignard A.35.A reagent will be 
indicative if a radical is formed at the a-position rather than at the b-position of the 
Grignard regent, if ring opening of the cyclopropyl occurs. Also, the nature of the b-
hydrogen of this Grignard will be interesting as its hybridization is different to that of a sp3 
hydrogens on regular alkyl Grignard regents. No reactivity for the vinyl Grignard reagent 
5.35.B was anticipated based on the experimental results recorded in Table A.28 
(Scheme A.35). Since allylic hydrogens were observed not to participate in coupling 
Scheme A.33. Probing the Mechanism for the Generation of Reduction Product
CF3
Cl
CF3 CF3
D
 200 ppm FeCl3 
2.5 equiv CD3CH2MgCl(2M in THF)
4 equiv DMPU
THF (0.19 M)
A.33.A A.33.B A.33.C
1% FeCl3
1.3 equiv EtMgCl
THF (0.13 M)
20 ºC
age time
CF3Cl
12 min
Reaction time
CF3 CF3
H
A.34.B A.34.C
A.34.A
Scheme A.34. Stability of FeCl3 Upon Aging with a Grignard Reagent in Kochi Coupling Conditions
3.3 equiv Additive
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reactivity (Table A.28, entry 3), it is possible that some kind of agostic interaction is 
operative in the reaction mechanism. Employing cyclic Grignard reagents such as 
cyclopropyl A.35.C, cyclobutyl A.35.D, cyclopentyl A.35.E and cyclohexyl A.35.F. 
Grignard regents would present a set of substrates with b-hydrogens disposed at different 
angles relative to the iron orbitals and these cyclic Grignard reagents will assist in 
confirming the participation of such agnostic interaction. It will also be interesting to 
employ Grignard reagents containing b-hydrogens along with electron withdrawing 
groups that would affect the electron density of those C–H bonds to clarify if the 
electronics around the b-hydrogens impact the reactivity. 
 
A.11 Summary  
Chapter 5 discusses a modified Kochi coupling reaction where reaction conditions 
have been modified by introducing DMPU as a better additive in place of commonly used 
NMP. Important investigations were also carried out to establish the stability of the iron 
catalyst that had been largely questioned in previously reported work. Moreover, a wide 
substrate scope was has been established with both aryl and heteroaryl halides to result 
in moderate to excellent yields for this reaction. Importantly, mechanistic experiments 
were designed and executed to explore the b-hydrogen requirement on Kochi coupling 
reaction of aryl halides. These investigations provide an insight into some important 
aspects of the involvement of b-hydrogens in the reaction while further experiments are 
Scheme A.35. Suggested Grignard Reagents for Probing the Nature of the β-Hydrogens
MgBr MgBr MgBr
MgBr MgBr
MgBr
A.35.A A.35.B A.35.C A.35.D A.35.E A.35.F
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required to put forward a more comprehensive mechanistic hypothesis for this reaction. 
Further computational and mechanistic studies are being conducted to clarify the aspects 
of this reaction mechanism that remain unclear.  
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APPENDIX B: CHAPTER 2 SPECTRA 
 
Figure B.1. 1H NMR (400 MHz, CDCl3) of compound 2.21.D 
 
 
Figure B.2. 13C NMR (101 MHz, CDCl3) of compound 2.21.D 
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Figure B.3. 1H NMR (400 MHz, CDCl3) of compound 2.23.C 
Figure B.4. 13C NMR (101 MHz, CDCl3) of compound 2.23.C 
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Figure B.5. 1H NMR (400 MHz, CDCl3) of compound 2.24.F 
 
Figure B.6. 13C NMR (101 MHz, CDCl3) of compound 2.24.F 
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Figure B.7. 1H NMR (400 MHz, CDCl3) of compound 2.27.B 
 
Figure B.8. 13C NMR (101 MHz, CDCl3) of compound 2.27.B 
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Figure B.9. 1H NMR (400 MHz, CDCl3) of compound 2.27.C 
 
Figure B.10. 13C NMR (101 MHz, CDCl3) of compound 2.27.C 
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Figure B.11. 1H NMR (400 MHz, CDCl3) of compound 2.27.D 
 
Figure B.12. 13C NMR (101 MHz, CDCl3) of compound 2.27.D 
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Figure B.13. 1H NMR (400 MHz, CDCl3) of compound 2.29.B 
 
Figure B.14. 13C NMR (101 MHz, CDCl3) of compound 2.29.B 
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Figure B.15. 1H NMR (400 MHz, CDCl3) of compound 2.32.F 
 
Figure B.16. 13C NMR (101 MHz, CDCl3) of compound 2.32.F 
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Figure B.17. 1H NMR (400 MHz, CDCl3) of compound 2.32.J 
 
Figure B.18. 13C NMR (101 MHz, CDCl3) of compound 2.32.J 
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Figure B.19. 1H NMR (400 MHz, CDCl3) of compound 2.33.B 
 
Figure B.20. 13C NMR (101 MHz, CDCl3) of compound 2.33.B 
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Figure B.21. 1H NMR (400 MHz, CDCl3) of compound 2.32.G 
 
Figure B.22. 13C NMR (101 MHz, CDCl3) of compound 2.32.G 
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Figure B.23. 1H NMR (400 MHz, CDCl3) of compound 2.32.K 
 
Figure B.24. 13C NMR (101 MHz, CDCl3) of compound 2.32.K 
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Figure B.25. 1H NMR (400 MHz, CDCl3) of compound 2.33.D 
 
Figure B.26. 13C NMR (101 MHz, CDCl3) of compound 2.33.D 
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Figure B.27. 1H NMR (400 MHz, CDCl3) of compound 2.32.L 
 
Figure B.28. 13C NMR (101 MHz, CDCl3) of compound 2.32.L 
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Figure B.29. 1H NMR (400 MHz, CDCl3) of compound 2.32.M 
 
Figure B.30. 13C NMR (101 MHz, CDCl3) of compound 2.32.M 
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Figure B.31. 1H NMR (400 MHz, CDCl3) of compound 2.35.D 
 
Figure B.32. 13C NMR 101 MHz, CDCl3) of compound 2.35.D 
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Figure B.33. 1H NMR (400 MHz, CDCl3) of compound 2.35.E 
 
Figure B.34. 13C NMR (101 MHz, CDCl3) of compound 2.35.E 
N
Cl
Ph 2.35.E
N
Cl
Ph 2.35.E
 
 
 
 
 
350 
 
 
Figure B.35. 1H NMR (400 MHz, CDCl3) of compounds 2.36B and 2.36.C 
 
Figure B.36. 13C NMR (101 MHz, CDCl3) of compound 2.36B and 2.36.C 
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Figure B.37. 1H NMR (400 MHz, CDCl3) of compound 2.38.B 
 
Figure B.38. 13C NMR (101 MHz, CDCl3) of compound 2.38.B 
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Figure B.39. 1H NMR (400 MHz, CDCl3) of compound 2.38.C 
 
Figure B.40. 13C NMR (101 MHz, CDCl3) of compound 2.38.C 
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Figure B.41. 1H NMR (400 MHz, CDCl3) of compound 2.38.D 
 
Figure B.42. 13C NMR (101 MHz, CDCl3) of compound 2.38.D 
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Figure B.43. 1H NMR (400 MHz, CDCl3) of compound 2.38.E 
 
Figure B.44. 13C NMR (101 MHz, CDCl3) of compound 2.38.E 
O
N
Cl
2.38.E
O
N
Cl
2.38.E
 
 
 
 
 
355 
 
 
Figure B.45. 1H NMR (400 MHz, CDCl3) of compound 2.41.C 
 
Figure B.46. 13C NMR (101 MHz, CDCl3) of compound 2.41.C 
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Figure B.47. 1H NMR (400 MHz, CDCl3) of compound 2.40.B 
 
Figure B.48. 13C NMR (101 MHz, CDCl3) of compound 2.40.B 
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Figure B.49. 1H NMR (400 MHz, CDCl3) of compound 2.40.C 
 
Figure B.50. 13C NMR (101 MHz, CDCl3) of compound 2.40.C 
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Figure B.51. 1H NMR (400 MHz, CDCl3) of compound 2.40.D 
 
Figure B.52. 13C NMR (101 MHz, CDCl3) of compound 2.40.D 
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Figure B.53. 1H NMR (400 MHz, CDCl3) of compound 2.41.E and 2.41.D 
 
Figure B.54. 13C NMR (101 MHz, CDCl3) of compound 2.41.E and 2.41.D 
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Figure B.55. 1H NMR (400 MHz, CDCl3) of compound 2.42.D 
 
Figure B.56. 13C NMR (101 MHz, CDCl3) of compound 2.42.D 
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Figure B.57. 1H NMR (400 MHz, CDCl3) of compound 2.42.E 
 
Figure B.58. 13C NMR (101 MHz, CDCl3) of compound 2.42.E 
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Figure B.59. 1H NMR (400 MHz, CDCl3) of compound 2.45.C 
 
Figure B.60. 13C NMR (101 MHz, CDCl3) of compound 2.45.C 
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Figure B.61. 1H NMR (400 MHz, CDCl3) of compound 2.45.D 
 
Figure B.62. 13C NMR (101 MHz, CDCl3) of compound 2.45.D 
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Figure B.63. 1H NMR (400 MHz, CDCl3) of compound 2.45.E 
 
Figure B.64. 13C NMR (101 MHz, CDCl3) of compound 2.45.E 
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Figure B.65. 1H NMR (400 MHz, CDCl3) of compound 2.46.B 
 
Figure B.66. 13C NMR (101 MHz, CDCl3) of compound 2.46.B 
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Figure B.67. 1H NMR (400 MHz, CDCl3) of compound 2.47.D 
 
Figure B.68. 13C NMR (101 MHz, CDCl3) of compound 2.47.D 
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Figure B.69. 1H NMR (400 MHz, CDCl3) of compound 2.47.E 
 
Figure B.70. 13C NMR (101 MHz, CDCl3) of compound 2.47.E 
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Figure B.71. 1H NMR (400 MHz, CDCl3) of compound 2.48.B 
 
Figure B.72. 13C NMR (101 MHz, CDCl3) of compound 2.48.B 
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Figure B.73. 1H NMR (400 MHz, CDCl3) of compound 2.49.F 
  
Figure B.74. 13C NMR (101 MHz, CDCl3) of compound 2.49.F 
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Figure B.75. 1H NMR (400 MHz, CDCl3) of compound 2.50.D 
 
Figure B.76. 13C NMR (101 MHz, CDCl3) of compound 2.50.D 
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Figure C.1. 1H NMR (400 MHz, CDCl3) of compound 3.24.B 
 
 
Figure C.2. 13C NMR (101 MHz, CDCl3) of compound 3.24.B 
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Figure C.3. 1H NMR (400 MHz, CDCl3) of compound 3.25.B 
 
Figure C.4. 13C NMR (101 MHz, CDCl3) of compound 3.25.B 
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Figure C.5. Analytical Column PDA of compound 3.29.A 
 
  
 Figure C.6. ES-MS spectrum of compound 3.29.A 
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Figure C.7. Analytical Column PDA of attempted compounds 3.29.B/3.29.C 
 
 
 
Figure C.8. ES-MS spectrum of attempted compounds 3.29.B/3.29.C 
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ABSTRACT 
HARNESSING RADICAL REACTIVITY FOR THE CONSTRUCTION OF NATURAL 
PRODUCT FRAMEWORKS AND 
TRANSITION METAL CATALYST STABILITY IN A MODIFIED KOCHI COUPLING 
REACTION 
 
Advisor:  Dr. Jennifer L. Stockdill 
Major:  Organic Chemistry  
  
Degree:  Doctor or Philosophy  
 
Polycyclic N-containing heterocycles play an important role in therapeutic 
applications and as molecular tools in studying biological processes, making them 
important synthetic targets. Current synthetic approaches are too lengthy, use toxic 
reagents or are limited to accessing a particular framework and hence, their syntheses 
warrant further study. The Stockdill research group have recently developed conditions 
to avoid both reduction and slow addition in aminyl radical cyclizations in our venture to 
access the constrained ABC core of calyciphilline A, a Daphniphyllum alkaloid. An 
electron deficient enone with a pendent internal alkyne as the neutral aminyl radical 
precursor was used for radical cyclization. Based on these results on enone reactivity, it 
was hypothesized that the rate of the tandem cyclization over reduction can be 
significantly increased by introducing electron-deficient substituents on the olefin. This 
hypothesis was tested on simple substrates, and surprisingly, experimental data revealed 
that regardless of the presence or absence of electron withdrawing substituents on the 
olefin, all substrates work approximately the same resulting similar yields. 
Cross coupling-reactions using transition metals have played a vital role in the 
synthesis of active pharmaceutical ingredients via C-C and C-heteroatom bond formation, 
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and have shown rapid advancements in the last few decades. While Pd is the most 
predominantly used transition metal for cross-coupling reactions, replacing Pd with non-
precious metals to achieve similar reactivity is high in demand due to the many 
advantages associated with the use of Pd.  
This thesis describes the exploration of the Cahiez-Fürstner modified Kochi 
Coupling reaction and the establishment of the largely questioned stability of the iron 
catalyst, introduction of a better alternative additive to enhance reaction conditions and 
establish exclusive reactivity of iron. Broad utility of these conditions on a wide substrate 
scope was also demonstrated and important mechanistic experiments in efforts to 
understand the underlying mechanism were conducted.  
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